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Abstract

The minichromosome maintenance (MCM) proteins are a family of closely related 

proteins with striking sequence homology. First identified in Saccharomyces cerevisiae, 

MCM proteins have also been characterised in Xenopus and human cells, and form part of 

the pre-replication complex (PRC) essential for eukaryotic DNA replication. Assembly of the 

PRC “licenses” progression of the cell from G1 to S phase of the cell cycle, whilst its 

dissociation in S phase limits the replication of DNA to once per cycle. Recent cell line 

studies describing the presence of MCM proteins throughout the cell cycle, and their rapid 

down-regulation in differentiating and quiescent cells, have suggested the use of antibodies 

against MCM proteins as sensitive and specific markers of proliferating cells.

In this thesis, the potential utility of antibodies against the MCM proteins for the 

identification and accurate discrimination of dysplastic cells from reactive cell populations 

has been investigated in a range of histological and cytological specimens.

The expression of MCM proteins was initially characterised in a range of tissues from 

different anatomical locations. The finding that MCM proteins are expressed in up to 90% of 

cells from dysplastic and neoplastic lesions, but restricted to the basal compartment of 

normal stratified epithelia, suggests that dysplastic cells remain in cycle due to deregulation 

of normal controls over cell proliferation.

Using this principle, antibodies against MCM proteins have been shown to facilitate the 

identification of dysplastic and neoplastic cells in cytological preparations from the lung, 

colon and bladder and to aid their distinction from cells showing reactive or degenerative 

changes. Potential applications have also been identified in the differential diagnosis of 

inflammatory and malignant lesions with similar morphological appearances. Furthermore, 

MCM expression has been shown to provide useful prognostic information about the likely 

biological behaviour of neoplasms with indeterminate morphological features, including 

meningiomas and testicular Leydig cell tumours.
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Chapter 1 

General Introduction 

1.1 Neoplasia

1.1.1 Definition of a neoplasm

Neoplasms are tumour masses that arise as a result of abnormal cellular proliferation in 

particular tissues or organ systems, and are composed of cells that have escaped the normal 

regulatory controls governing cell turnover. These tumours may be classified as benign or 

malignant on the basis of their morphological characteristics and subsequent biological 

behaviour.

1.1.2 Benign tumours

Benign tumours usually resemble their tissue of origin, but are separated from the 

surrounding normal tissue components by a capsule composed of fibrous connective tissue. 

Although they do not invade adjacent structures, some benign tumours may grow rapidly and 

cause local symptoms due to pressure effects. Rarely, they may also cause systemic 

disturbances due to overproduction of endogenous hormones. Generally, however, the typical 

characteristics of benign tumors include slow growth, encapsulation and lack of invasive or 

metastatic potential. As a result, they often have a good prognosis and surgical excision is 

usually curative.

1.1.3 Malignant tumours

Malignant tumours can be recognised either from specific cytological features of the 

tumour cells or from evidence of tumour invasion or metastasis. Morphological changes in 

malignant cells include an increase in cell numbers and loss of normal cellular orientation, as

28



well as irregularities in nuclear shape and size. Mitoses may also be seen in increased 

numbers and may include abnormal forms.

In many tissues, premalignant dysplastic changes can also be identified from similar 

cellular abnormalities, although the degree of cytological atypia is often much less severe 

than that seen in invasive tumours. Dysplastic lesions are confined to the surface epithelium 

and do not show invasion into the underlying submucosa, and may be classified into mild, 

moderate and severe dysplasias depending on the extent of the epithelium involved.

Despite the fact that certain morphological features are commonly found in neoplastic 

cells, the only reliable evidence of malignancy may be the presence of tumour invasion or 

metastatic spread. In most cases, tumour invasion may be seen in areas where tumour cells 

destroy and replace adjacent normal tissues. Although lymphatic or vascular invasion may 

also be pathognomonic of a malignant tumour, its presence is often difficult to detect in 

tumour sections and its absence does not indicate benignity.

1.1.4 Morphological identification of neoplastic cells

Neoplastic cells can usually be identified, and distinguished from their normal 

counterparts, on the basis of specific cytological criteria (McGee, 1997), including cell size 

and shape, characteristics of the nucleus, nucleolus, cell membrane and mitotic activity 

(Table 1.1)

1.1.4.1 Cell size and shape

The size of cancer cells usually differs from the surrounding normal cells of the same 

tissue. Although normal stratified epithelial cells may show some variation in size with 

cellular differentiation, neoplastic cells vary in size beyond the limits usually observed with 

physiological change. Indeed, a population of tumour cells may show marked variation in the 

size of adjacent cells (anisocytosis) as well as the presence of cells with irregular outlines 

(pleomorphism).
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1.1.4.2 Nuclear features

Although the nuclei of tumour cells often show a marked variation in size (anisonucleosis), 

many exhibit a large nuclearicytoplasmic ratio and irregular nuclear outline. The nucleus is 

usually hyperchromatic and contains abundant coarse, clumped chromatin, possibly as a 

result of the increased DNA content in these cells.

1.1.4.3 Nucleoli

Although occasional nucleoli may be seen in normal cells with active RNA and protein 

production, the proportion of cells containing nucleoli is increased in neoplastic tissues and 

the presence of multiple nucleoli may be noted. An increase in nucleolar size and the number 

of nucleolar organising regions may also be indicative of neoplastic transformation.

1.1.4.4 Cell membrane

Tumour cells tend to be less cohesive than their normal counterparts, possibly as a result in 

altered expression of adhesion molecules and lectin receptors on their cell membranes.

1.1.4.5 Mitotic activity

Generally, the mitotic rate of neoplastic tissues is higher than that seen in normal tissues. 

In particular, there may be mitoses in an abnormal distribution in the tissue and atypical 

mitotic figures may be visible. In contrast, normal tissues may exhibit occasional mitoses, but 

these are normally confined to the basal layer of stratified epithelia. Although inflammatory 

changes may also cause a mild increase in mitotic activity of normal reactive tissues (Cotran 

et a l, 1999), the presence of abnormal mitotic figures is highly suggestive of a neoplastic 

process.
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Table 1.1 Morphological differences between normal and neoplastic cells

Criterion Benign cell Neoplastic cell

Cell size Varies within physiological limits Varies beyond physiological limits

Cell shape Regular Abnormal, irregular

Nuclear size Regular Variable

Nuclear shape Round Irregular

Chromatin Fine, dispersed Coarse, clumped

Nucleoli Small, often single Prominent, multiple

Cell adhesion Good Poor

Mitotic rate Usually low Usually high

Mitotic figure Bipolar Abnormal forms

Cell cycle 16-22 hours Variable

1.1.5 Biochemical identification of neoplastic cells

Although the presence of specific morphological criteria enables neoplastic cells to be 

easily identified and distinguished from normal cell populations in many histological 

specimens, it is not always possible to distinguish dysplastic or neoplastic cells from cells 

showing reactive or degenerative changes in cytological preparations. The identification of 

atypical cells may be particularly difficult in cytological specimens where few neoplastic 

cells are present amongst a diffuse background of normal or reactive cells. In particular, the 

use of morphological criteria is often insufficient for the accurate detection of neoplastic cells 

from early carcinomas or preinvasive dysplastic lesions in cytological specimens, as a result 

of the small numbers of neoplastic cells present. It has been advocated that differences in the 

expression of specific biological markers between normal and neoplastic cells may be useful 

in the early detection of common carcinomas and in the monitoring of treatment and 

detection of recurrence
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1.1.5.1 Tumour markers

Tumour markers are biological substances that are produced by neoplastic cells. They may 

be secreted into the blood, making them detectable as serum markers, or may remain 

localised in tumour cells allowing their identification in histological or cytological specimens 

of the tumour. The first tumour markers were described in colorectal carcinomas over 30 

years ago (Gold et a l, 1965). Since then, several different tumour markers have been 

identified and are in current use (Table 1.2).

All these markers show clinical limitations in terms of their sensitivity and specificity and 

are not routinely used for the screening of asymptomatic populations. As most of these 

markers are also produced by normal cells, albeit at lower levels than that found in neoplastic 

cells, there is considerable overlap between the expression of these markers in normal tissues 

and preinvasive lesions or early carcinomas. Indeed, some tumour markers, such as prostate 

specific antigen (PSA), cannot reliably distinguish benign from malignant disease (Aziz et 

a l,  1993). Their clinical use is thus restricted to symptomatic patients with suspected 

malignancy or for the identification of tumour recurrence after surgical excision.

Table 1.2 Summary of biological tumour markers (Ramies, 1996)

M arker Carcinoma Comments

Carcinoembryonic antigen (CEA) Colon, lung Diagnostic and treatment monitoring

Alpha fetoprotein (AFP) Ovary, testis Diagnostic

Acid phosphatase (AP) Prostate Diagnostic and treatment monitoring

Human chorionic gonadotrophin (HCG) Placenta, testis Diagnostic and treatment monitoring

Oestrogen receptor (ER) Breast Prognostic

Prostate specific antigen (PSA) Prostate Diagnostic and treatment monitoring

CA125 Breast, ovary Diagnostic and treatment monitoring

CA 19.9 Colon, ovary Diagnostic and treatment monitoring

CA 15.3 Breast Diagnostic and treatment monitoring

Proliferation markers (PCNA, Ki67) Various Prognostic
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1) Markers for colorectal carcinoma

Colorectal carcinoma is the second most common cause of malignancy in both men and 

women. Although early (stage I) tumours have a 5-year survival rate of 90%, symptoms 

usually present late and the colorectal carcinoma is often diagnosed when it has extended 

beyond the muscle wall of the bowel. Carcinoembryonic antigen (CEA) is detectable both in 

the serum of patients with colorectal carcinoma, and in the histological sections of these 

tumours. However, the finding that CEA is also detectable in normal colon, as well as other 

types of tumour, makes it of little value for the screening or early diagnosis of colorectal 

carcinoma. The clinical use of CEA is therefore restricted to the detection of tumour 

recurrence in those patients with a previously resected colorectal carcinoma. In order to 

diagnose recurrence of a colorectal carcinoma, two consecutive elevations of serum CEA 

must be detected and this results in a sensitivity of 84% and specificity of 100% (Ballesta et 

al., 1995). Similarly, whilst serum protease inhibitor (PI) is elevated in the initial stages of 

most colorectal carcinomas, its high false-positive and false-negative rate have limited its 

clinical use to the detection of tumour recurrence (Pamies, 1996).

More recently, the use of mucin histochemical markers has been proposed as a potential 

screening test for the identification of early colorectal carcinomas (Shamsuddin et al., 1994). 

It has been found that the characteristics of mucins in the rectum are altered by malignant 

transformation, with increased production of the disaccharide GAINac and galactose oxidase. 

The levels of other tumour-related mucins, including CAM26, CAM29, CA 15.3 and CA 

549, are also altered in the presence of colorectal carcinoma and may be useful for detection 

of tumour recurrence and monitoring of treatment (Yedema et al., 1991). However, no 

biochemical marker is presently advocated for the early detection of colorectal carcinoma, as 

part of a noninvasive, population-based screening test in asymptomatic individuals.
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2) Markers for prostatic carcinoma

Prostatic carcinoma occurs in men over the age of 40, and shows a rising annual incidence. 

The American Cancer Society has advocated that routine digital rectal examination and 

serum prostate specific antigen (PSA) measurements should be performed annually as a 

screening measure for the detection of early prostatic carcinomas (American Cancer Society,

1992). Although PSA has shown 90% sensitivity for the detection of prostatic carcinoma, its 

specificity (60%) is not sufficient to allow its use as a sole agent in mass screening. In 

particular, a case of benign prostatic hypertrophy can result in the same level of serum PSA 

as an early prostatic carcinoma (Littrup et a l, 1992). The use of age-related serum PSA 

cutoff values has been suggested as a way of increasing the sensitivity in young men and the 

specificity in older men, but at the expense of the positive predictive value of the test 

(Brawer et al., 1993). The level of serum prostatic acid phosphatase (PAP) whilst not a useful 

marker of prostatic carcinoma on its own, may be used to improve the sensitivity of PSA. At 

present, PSA is most useful for monitoring of treatment and detection of recurrence in 

prostatic carcinoma, and its use in the detection of early carcinomas must be interpreted with 

caution.

3) Markers for breast carcinoma

Breast cancer is the most frequent type of carcinoma in women and accounts for 4% of all 

deaths in Western Europe and North America (Meden et a l, 1995). Current screening 

procedures include breast self-examination, clinical examination and mammography, with 

the mortality rate in women who participate in screening programmes being 50% lower than 

for women who have not been screened (Shapiro et a l, 1985). Efforts are currently being 

made to identify tumour markers that can be used for early diagnosis and patient follow-up. 

The tumour markers CA 15.3 and CA 549 have good sensitivity and specificity for metastatic 

breast carcinoma but low sensitivity for localised disease, making them suitable markers for 

tumour recurrence rather than for the early detection of breast carcinomas. Mucins, including 

M26, M29 and mucin-like carcinoma associated antigen (MCA), are also useful for the
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detection of tumour recurrence. In contrast, MUC 1 is expressed predominantly in normal 

breast epithelium and its expression is altered in histological sections of breast carcinoma.

Most recently, the finding that overexpression of the c-erbB2 protein occurs in up to 25% 

of invasive ductal breast carcinomas and correlates with poor prognostic outcome has 

resulted in the use of this marker for the identification of breast carcinoma in fine needle 

aspirates (FNA) of the breast. Wu et al. have reported that an enzyme immunoassay for 

elevated c-erbB2 protein (p i85) can be used successfully to detect breast carcinomas in 

FNAs of the breast (Wu et a l, 2000).

4) Markers for ovarian carcinoma

As ovarian carcinoma is often silent until the late stages of the disease, it has a low overall 

survival rate and research is currently focussed on identifying biological markers that may 

enable the early detection of this carcinoma. The tumour markers examined include serum 

mucin antigens, CA 125, CA 19.9 and c-erbB2 protein (p i85). These have been found to 

have either low sensitivity or low specificity for ovarian carcinoma and their use for the 

screening of asymptomatic individuals has not been advocated (Pamies, 1996). In particular, 

whilst increased CA 125 levels are found in 90% of women with metastatic ovarian cancer, 

they occur in only 50% of women with disease confined to the ovary, making this a poor 

screening test for early disease. The use of CA 125 is limited to monitoring response to 

treatment and identification of tumour recurrence (Pamies, 1996).
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1.2 Approaches to cancer screening

1.2.1 Definition

Cancer screening is the application of a test to detect a potential cancer in a person who is 

asymptomatic. It is a form of secondary cancer prevention, as primary cancer prevention is 

aimed primarily at stopping the initial formation of the cancer. Current examples of screening 

tests for the early detection of cancer include laboratory tests of blood or body fluids, 

imaging studies and morphological assessment of histological and cytological specimens.

1.2.2 Aims of screening

Screening tests can be used to identify the following groups of individuals:

1) Asymptomatic individuals with an early invasive carcinoma, that is not yet clinically 

apparent, who may benefit from early treatment

2) Individuals with a preinvasive dysplastic lesion, that might eventually progress into an 

invasive carcinoma, who may benefit from early treatment and follow-up

3) Individuals with an inherited genetic abnormality, who do not currently have a dysplastic 

or neoplastic lesion but are at high risk of developing a lesion in the future, and who may 

benefit from close monitoring and risk factor assessment

1.2.3 Approaches used for screening

Several different approaches are used for the screening of common carcinomas, and the 

choice of method is often influenced by the accessability of the tumour site and by patient 

compliance:
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1) Endoscopy -  colonoscopic and bronchoscopic approaches may be used to obtain biopsies 

and cytological preparations from the gastrointestinal and respiratory systems

2) Cytology -  cytological specimens containing exfoliated cells can be prepared, for 

example using brushing or washing techniques, to provide cytological specimens from 

the cervix, lung, bladder and mouth

3) Imaging -  mammographie imaging can identify early carcinomas in the breast

4) Clinical examination -  digital rectal examination may be of value for the early detection 

of prostatic carcinoma

1.2.4 Advantages of cytological screening

Cytological preparations can now be produced from a variety of anatomical sites, and 

often involve less invasive procedures than those required for tissue biopsy. As most 

individuals suitable for screening are likely to be asymptomatic, a cytological approach 

results in a higher level of patient compliance and acceptability for these investigations. The 

preparation of cytological specimens is quick, relatively simple and provides a cost-effective 

way of screening large numbers of individual samples in a short space of time.

1.2.5 Problems with cytological screening

Although cytological specimens may be useful for the detection of neoplastic cells from 

dysplastic and malignant lesions, potential problems exist with the collection, preparation 

and assessment of cytological samples. These can result in inaccurate interpretation of 

cytological findings and cause false-positive or false-negative diagnoses:

1.2.5.1 Sample collection 

In order for adequate sampling of tumour cells to be obtained, a cytological specimen 

should ideally be collected either by a clinician or pathologist with sufficient experience of 

this technique. This is particularly important for cervical smears, since the cervical 

transformation zone needs to be thoroughly sampled to maximise the potential detection of 

dysplastic cells. The adequacy of cytological specimens can be assessed not only by the total
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cell content of the preparation but also by the presence of particular cell types in the sample, 

including endocervical cells in cervical smears and alveolar macrophages in sputum samples.

1.2.5.2 Sample preparation

Variations in sample preparation may significantly alter the appearance and morphological 

characteristics of cells in a cytological specimen (McKee, 1997). Although specimens 

produced by manual smear, cytospin and Thin-prep techniques may all provide good quality 

cytological preparations, there may be apparent differences in the density and clustering of 

cells in the specimen which could influence their assessment. In particular, the presence and 

frequency of specific cell types may vary greatly with the method of sample preparation. 

Specimen fixation may also be responsible for the morphological appearance of the cells, and 

artefacts may arise as a result of external factors such as air-drying and specimen delay.

1.2.5.3 Sample assessment

The accurate assessment of cytological specimens is affected not only by factors 

influencing the collection and preparation of the specimen (section 1.2.5.1 and section 

1.2.5.2) but may also be influenced by the experience of the cytopathologist in interpreting 

the morphological features present in the specimen.

It may be difficult to identify the presence of relatively few dysplastic or malignant cells in 

a background of normal cells, and this may result in an erroneous diagnosis being made. In 

particular, reactive changes in epithelial or mésothélial cells, induced by inflammatory or 

infective processes, may closely mimic the morphological changes seen in neoplastic cells, 

giving rise to false-positive or false-negative diagnoses. As a result of these difficulties, the 

use of immunohistochemistry as an adjunct to the morphological assessment of cytological 

specimens has been advocated (further detailed in Chapter 4).
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1.3 Use of histology in differential diagnosis and assessment of prognosis

Whilst morphological assessment of histological biopsy or resection specimens usually 

allows the accurate identification of dysplastic and malignant cells in formalin-fixed, 

paraffin-embedded human tissues, there are areas of diagnostic difficulty in the differential 

diagnosis and prognosis of specific tumour types that can not be reliably distinguished on 

morphology alone:

1.3.1 Differential diagnosis

A number of benign or reactive conditions may exhibit morphological characteristics that 

closely resemble the atypical features seen in malignant lesions, including the presence of 

cellular pleomorphism, irregular nuclear outline and prominent nucleoli. Typical examples 

include Spitz naevus, which can mimic the macroscopic and histological appearance of a 

malignant melaiioma; aiid keratoacarithoiria; which may be difficult to distinguish from a 

wëil-Sitfefëhtiatëd Sdüâmbüs Ôëll cafcihbhia o t tfië sÈih: kühvëfSëlÿ; sbhië nialighahi: 

tumours may lack some of the morphological features commonly found in neoplastic cells 

(as described in section 1.1.5) and resemble benign proliferations or hyperplasias, including 

follicular lymphoma which may mimic the appearance of follicular lymph node hyperplasia.

1.3.2 Prognosis

Although the grade and stage of a neoplastic lesion provide accurate information about 

likely future biological behaviour of most tumours, there are certain tumour types (including 

most endocrine neoplasms) where morphological features do not correlate well with clinical 

outcome. Benign meningiomas, for example, show a 7% recurrence rate after complete 

macroscopic excision has been performed and this appears to be independent of the 

histological subtype or mitotic index of the lesion (reviewed by De Ridder, 1998). Similarly, 

histological features of malignancy have not been found reliable in the distinction of benign 

testicular Leydig cell tumours from their malignant counterparts (Feldman, 1982).

Recent studies have focussed on the potential utility of tumour markers, including 

proliferation markers, as adjuncts to the morphological features of these tumours, to facilitate
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the prediction of tumour behaviour. The accurate identification of tumours that show a high 

risk of subsequent recurrence or metastasis, by means of their proliferative activity, may 

allow the selection of those patients who may benefit from postoperative radiotherapy or 

chemotherapy and close follow-up.

1.3.3 Existing proliferation markers

1.3.3.1 Proliferating cell nuclear antigen (PCNA)

PCNA was initially described as a nuclear antigen, detectable in proliferating cells by 

autoimmune sera obtained from patients with systemic lupus erythematosus (Miyachi et al., 

1978). It is a 36kDa protein that is highly conserved from yeast to mammalian cells, and 

shows structural similarities to prokaryotic proteins, including the p subunit of E.coli that 

acts as a ‘sliding clamp’ in prokaryotic DNA replication (Kelman et al., 1995).

It has been postulated that PCNA has multiple actions in the regulation of DNA 

replication, repair and cell cycle control. PCNA is a co-factor for DNA polymerase ô and is 

involved in co-ordinating DNA replication on the leading and lagging DNA strands, as well 

as being required for DNA repair (Bravo et al., 1987; Cells et a l,  1986). Furthermore, PCNA 

is considered to be an important factor in cell cycle control as a result of its interactions with 

cyclins and the CDK inhibitor p21 (Xiong et a l, 1992).

In cycling cells, the presence of PCNA mRNA has been detected in all stages of the cell 

cycle, with a 2-3 fold increase during S phase (Morris et a l,  1989). Protein levels also 

increase in a similar manner from G1 to S and G2 to M phases (Liu et a l,  1989) and binding 

of PCNA to chromatin has been shown to occur in S phase only (Bravo et a l, 1987).

Monoclonal antibodies against PCNA have been available for histopathological use since 

around 1990 (Waseem and Lane, 1990). In particular, the monoclonal antibody PC 10 has 

been used to identify the proliferative compartment of normal human tissues in formalin- 

fixed, paraffin-embedded specimens (Hall et a l, 1990). Although still in use today, 

antibodies against PCNA have several inherent limitations, restricting their clinical value in 

the differential diagnosis and assessment of prognosis of histopathological specimens;
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1) The intensity of PCNA immimoreactivity varies with the length of fixation of the 

specimen, with the staining being substantially reduced after 48 hours of fixation in 

formalin and virtually abolished after 72 hours (Hall et al., 1990)

2) Staining for PCNA is reduced if the histological sections are heated in order to adhere 

them to coated glass slides (Yu et a l, 1992)

3) The half-life of PCNA is approximately 20 hours, leading to persistent expression of 

PCNA in cells that have recently stopped dividing and contributing to the variation of 

staining intensity seen in clinical specimens (Hall et a l,  1990)

4) Studies examining the expression of PCNA in gastric and breast carcinomas have found 

poor correlation with other indices of proliferation in these neoplasms (Jain et a l, 1991)

5) The expression of PCNA is not specific for DNA replication, since it may be induced by 

DNA repair mechanisms as well as by growth factors. This can cause increased levels of 

PCNA mRNA and protein in inflammatory and benign conditions (Yu et a l,  1992)

U .3.2K i67

Ki67 is a nuclear antigen which is expressed in cycling cells, although its exact function in 

the cell cycle remains unknown (Brown and Gatter, 1990). It is now believed that Ki67 is a 

nuclear matrix protein composed of two polypeptide chains of 345kDa and 395kDa 

respectively (Verheijen et a l, 1989; Gerdes et a l, 1991). Analysis of cycling cells has found 

that Ki67 antigen is present in S, G2 and M phase cells but may not be expressed in some 

early G1 nuclei (Gerdes et a l, 1984). The amount of antigen varies throughout the cycle and 

reaches a maximum during G2 and M phase (Sasaki et a l, 1987). Although studies have 

shown good correlation between Ki67 and other proliferation indices including flow 

cytometry (Baisch and Gerdes, 1987), thymidine labelling (Schwaiting et a l, 1986) and 

bromdeoxyuridine incorporation (Silvestrini et a l, 1988), more recent evidence suggests that 

Ki67 immunoreactivity may overestimate the growth (M phase) fraction of tumours (Scott et 

a l, 1991).

Ki67 is widely used in clinical practice for the differential diagnosis and assessment of 

prognosis of several neoplastic and non-neoplastic conditions. In particular, it provides 

valuable prognostic information in non-Hodgkin’s lymphoma (Hall et a l,  1988). However,
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antibodies against Ki67 have inherent limitations that may restrict the clinical utility of this 

marker in certain clinical situations:

1) Ki67 antigen is lost in nutritionally deprived cells that are shown to be in cell cycle by 

flow cytometric measurements, suggesting that its expression is influenced by external 

tissue factors such as growth factors (Verheijen et al., 1989)

2) Variability of Ki67 staining is often seen in the central areas of solid tumours, possibly as 

a result of differences in tissue fixation or hypoxic changes in these areas (Yu et al., 

1993)

3) A comparison of results obtained with Ki67 immunostaining and flow cytometry analysis 

of breast carcinomas did not show reliable correlation between the parameters examined 

and the histological grading of the tumours, which is known to be an indicator of clinical 

outcome (Walker and Camplejohn, 1988)

4) No correlation has been found between Ki67 expression and known prognostic 

parameters in a series of colorectal carcinomas (Shepherd et al., 1988)

5) Although the antibody MIB 1 can be used to detect Ki67 expression in archival material, 

several other antibodies against Ki67 are only applicable to frozen tissues and can not be 

used in formalin-fixed, paraffin-embedded tissues (Key et al., 1992)

The inherent limitations of both PCNA and Ki67 have resulted in the restriction of the 

clinical use of proliferation markers in histopathological tissues. Although an increased rate 

of cellular proliferation is suggested to be one of the fundamental characteristics of all 

dysplastic and malignant lesions (Cotran et a l, 1999), the biological markers currently 

available cannot be used as a widespread marker of proliferation in all tissue types and in all 

tissue preparations. In recent years, a detailed understanding of the cell cycle has led to the 

identification of novel cell cycle-related proteins, including the minichromosome 

maintenance and Cdc6 proteins. This has resulted in renewed attempts to characterise a 

proliferation marker that may have potential clinical utility in the assessment of histological 

and cytological specimens.
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1.4 The Cell Cycle

1.4.1 Definition

The cell cycle is defined as the fundamental process by which a cell replicates its cellular 

and genetic material, resulting in the formation of two identical daughter cells. This process 

is essential to the survival and continuing viability of all cells, and various regulatory 

mechanisms inherent in the cell cycle ensure that the transmission of genetic material to the 

resulting daughter cells is performed in an accurate and reliable manner.

1.4.2 Historical background

1.4.2.1 Early concepts o f cell proliferation

As early as 1875, mitotic figures were noted to be present in tissue sections examined 

under the light microscope. From these findings, it was postulated that a cell could exist in 

one of two states, either undergoing mitosis or remaining in interphase, which was 

considered to be an inactive “resting” state. Despite these preliminary observations, however, 

very little progress was made in the understanding of the biochemical changes induced in 

mitosis for the next fifty years.

The first major breakthrough, leading to the initial concept of a cell cycle, was based on 

the work of Alma Howard and Steve Pelc in 1951 (Howard and Pelc, 1951). After labelling 

the roots of Vicia faba  seedlings with ^̂ P, they performed autoradiography to look for the 

incorporation of this radioisotope in cells manufacturing new strands of DNA. Their results 

showed that the process of DNA synthesis was entirely distinct from that of mitosis, and 

occurred during a discrete period in the middle of interphase. They thus concluded that the 

cell cycle was composed of four stages, with the presence of a long gap phase (Gl) between 

mitosis and DNA synthesis, and a second shorter gap phase (02) occurring after DNA 

synthesis.

1.4.2.2 Localisation o f proliferating cells within a tissue

Using high-resolution autoradiography techniques, Hughes performed a similar set of 

experiments aimed at studying the localisation of proliferating cells in different tissues
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(Hughes, 1958). After injecting tritiated thymidine (^H-Tdr) into mouse small intestine, he 

found that incorporation of this radioisotope was initially observed only in the crypt cells of 

the intestinal epithelium. However, after 24 hours, incorporation of ^H-Tdr was seen in 

epithelial cells along the entire surface of the villi, and at 48 hours could even be seen in cells 

shed into the intestinal lumen. He concluded that cell proliferation occurred in only a specific 

population of intestinal epithelial cells, namely the crypt cells, but the resulting daughter cells 

migrated up into the intestinal villi and were eventually shed into the intestinal lumen. This 

led to the suggestion that proliferating cells were restricted to a specialised compartment of 

normal epithelial tissues by mechanisms regulating entry into the cell cycle.

1.4.2.3 Concept o f growth fraction

In 1962, Mendelsohn introduced the concept of a tissue growth fraction, by suggesting that 

cells could exist in one of three possible growth states (Mendelsohn, 1962);

i) actively dividing (cycling cells)

ii) incapable of further division (terminally differentiated cells)

iii) presently inactive, but could be stimulated to undergo division (quiescent cells)

The ideas proposed by Mendelsohn and Hughes formed the basic concept of the stem cell, 

by suggesting that only specialised cells within an epithelial tissue were capable of cell 

division. This hypothesis is still generally accepted today, and little further progress has been 

made in the characterisation of stem cells over the last 30 years, in spite of several theoretical 

models of their function.

1.4.3 Current understanding of the cell cycle

Our current knowledge of the cell cycle is largely based on the original concept proposed 

by Howard and Pelc in 1951. This divides the cell cycle into four stages: Gl, S, 02 and M. 

Cells initially begin cycling in the Gl phase, either from the M phase of a previous round of 

replication or from a state of quiescence (GO). They have to pass through important
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regulatory checkpoints that ensure the successful completion of one stage of the cell cycle, 

before being allowed to proceed to the next stage (Howard and Pelc, 1951).

1.4.3.1 Gl phase

Gl is the first gap phase of the cell cycle and is defined as the period from the end of 

mitosis to the start of DNA synthesis. It usually lasts around 5 hours in mammalian cells, but 

is the most variable stage of the cell cycle and, depending on the physiological condition of 

the cell, may be prolonged to several days or months.

The Gl phase allows the cell to grow, check the integrity of its DNA and prepare for DNA 

synthesis. In order to proceed to the S phase, the cell needs to pass an important regulatory 

checkpoint ensuring that it has all the necessary components to successfully initiate DNA 

synthesis. This event determines whether the cell will be allowed to progress through the cell 

cycle or will withdraw and either enter a state of quiescence (GO) or remain in Gl arrest.

1.4.3.2 S phase

The S phase of the cell cycle usually lasts around 7 hours in mammalian cells and is the 

period when the DNA of the parent cell is replicated, resulting in the formation of two 

identical sets of chromosomes. During this phase, the cell must ensure that its DNA is 

duplicated accurately so that the genetic information is transmitted in its entirety between one 

cell generation and the next. The replicative process must also restrict itself from re

duplicating any portion of nuclear DNA within a single cell cycle. Failure of these regulatory 

mechanisms can have serious consequences, resulting in either cell death or contributing to 

cellular neoplastic transformation.

1.4.3.3 G2phase

G2 is the second gap phase of the cell cycle and is the period from the end of the S phase 

to the start of the M phase. During this stage, usually lasting around 3 hours, the cell ensures 

that DNA replication has been successfully completed, to form two complete diploid sets of 

chromosomes. Any errors that may have occurred in the preceding S phase are corrected at 

this stage. The cell also undergoes replication of its cytoplasmic organelles and cellular 

growth in preparation for the final act of cell division.
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1.4.3.4 M  phase

The M (mitotic) phase of the cell cycle is the period of cell division, resulting in the 

formation of two identical daughter cells. It is divided into four different stages: prophase, 

metaphase, anaphase and telophase (Mazia, 1961). Although it is useful to divide the process 

of mitosis into four stages for ease of explanation, it must be remembered that the 

biochemical changes underlying these events occur in a continuous manner and are not 

strictly confined to one stage of the process:

1.4.3.4.1 Prophase

This is the first stage of mitosis and is characterised by a series of nuclear changes that are 

visible under the light microscope. The initial event to occur is the breakdown of the nuclear 

envelope, which is under the control of specific cyclin/CDK complexes (Gerace, 1994). After 

this has been completed, the nucleoli are dispersed and chromosomal DNA is condensed. 

Finally, the microtubule spindle apparatus is formed in order to allow the subsequent 

redistribution of the cell’s genetic material.

1.4.3.4.2 Metaphase

In this stage, the chromosomes attach themselves to the microtubules and eventually 

become aligned on the spindle equator. The whole spindle apparatus then becomes 

compacted, in readiness for separation of the chromosomal DNA.

1.4.3.4.3 A nap hase

The sister chromatids of each original chromosome begin to pull apart to form two new, 

independent chromosomes and move towards opposite spindle poles. This is facilitated by 

the formation of anaphase-promoting complex (ARC) proteins which lyse the proteins 

holding the chromatids together (Glotzer, 1991).

1.4.3.4.4 Telophase

A nuclear envelope forms around each new set of chromosomes and the cell starts to 

undergo cleavage of its cytoplasmic organelles (cytokinesis). This results in the equal 

division of cellular and genetic material, and formation of two identical daughter cells.
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1.5 DNA replication

1.5.1 Definition

DNA replication is the complex and tightly regulated process that allows a cell to duplicate 

its genetic material, by unwinding of the original DNA polynucleotide strands and the 

formation of new complementary strands via a template mechanism. It occurs in the S phase 

of the cell cycle, and results in the formation of two identical sets of chromosomes which are 

passed down to the daughter cells of the original replicating parent cell.

1.5.2 DNA replication is semi-conservative

Up until the 1950s, it was generally assumed that the process of DNA replication was 

performed in a conservative manner, with each DNA strand acting as a direct template for 

itself, resulting in the exact duplication of the intact DNA helix.

It was only in 1958 that Meselson and Stahl performed a series of experiments confirming 

the semi-conservative nature of DNA replication. E. coli cells were initially grown in a 

medium containing a “heavy” nonradioactive isotope of nitrogen (’̂ N) until all the cells had 

incorporated this “heavy” isotope in their DNA (Meselson and Stahl, 1958). The cells were 

then transferred into a medium containing the normal “light” isotope of nitrogen (̂ "̂ N). 

Samples were removed from the cell cultures at varying lengths of time and the DNA density 

of these cells analysed by ultracentrifugation on a caesium chloride gradient, separating them 

into “heavy”, “light” and intermediate “heavy-light” band patterns.

Cells grown purely in the medium containing ’^N were found to contain DNA displaying 

a “heavy” density band pattern. After one cell division in the medium containing "̂̂ N, 

however, the cellular DNA was found to have an intermediate “heavy-light” density pattern, 

indicating that the cellular DNA was now composed of one heavy chain and one light chain. 

These results suggested that DNA replication actually occurs in a semi-conservative manner, 

with each original strand of DNA acting as a template for the formation of a new 

complementary strand (Figure 1.1).
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1.5.3 DNA replication is discontinuous

DNA synthesis is performed by a family of enzymes called DNA polymerases. These can 

only function in a 5’ to 3’ direction and require the presence of a template DNA strand, a 

primer sequence and free deoxynucleoside triphosphates (dATP, dCTP, dGTP and dTTP). A 

replication fork travels along the DNA double helix, unwinding the two strands, and allows 

DNA polymerase to replicate each strand individually.

As the DNA duplex unwinds, the replication fork travels along the leading strand in the 

same direction as that required for the action of DNA polymerase, enabling DNA synthesis 

to occur continuously in a 5’ to 3’ direction. On the lagging strand, however, the replication 

fork moves in the opposite direction to that required for the action of DNA polymerase and 

the synthesis of a complementary strand can therefore only occur discontinuously. This 

results in the formation of short stretches of DNA (Okazaki fragments) in a head-to-tail 5’ to 

3’ direction, which are then joined together into a continuous DNA sequence by the action of 

a DNA ligase enzyme (Figure 1.2).
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FIGURE 1.1 Semi-conservative nature o f DNA replication
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Meselson and Stahl labelled E. coli DNA with the heavy isotope They then transferred the E. coli to a medium containing 
and analysed the DNA density in daughter cells using a caesium chloride density gradient. The results suggested that DNA 
replication was performed in a semi-conservative manner.
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FIGURE 1.2 Discontinuous nature of DNA replication
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DNA replication occurs continuously along the leading strand, as the replication fork travels in the same direction as the action 
of DNA polymerase. On the lagging strand, however, the replication fork moves in the opposite direction, causing DNA 
synthesis to occur discontinuously. The Okazaki fragments are then joined together by the action o f DNA ligase.
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1.5.4 Models of DNA replication

1.5.4.1 Replicon model

The replicon model, first suggested by Jacob in 1963, forms the basis for much of our 

current understanding of the principles of DNA synthesis. In this model, Jacob postulated 

that a fundamental requirement for DNA replication in all cells was a direct interaction 

between a specific cis-acting DNA sequence (origin of replication) and a nuclear trans-acting 

DNA-binding protein (initiator protein). He proposed that this interaction identified the sites 

at which DNA replication would occur, and that subsequent recruitment of accessory factors 

was needed for the initiation of this process (Jacob et al., 1963; reviewed by Baker and 

Komberg, 1992).

1.5.4.2 Modified replicon model

In 1988, the work of Bramhill and Komberg on DNA replication in E.coli led to the 

proposal of an important extension to the replicon model (Bramhill and Komberg, 1988). 

Their results showed that the initiator protein of E.coli performs several important functions 

in the early stages of DNA replication including;

i) recognising and binding to the origin of replication sequence

ii) causing induction of local DNA unwinding at the origin

iii) recmiting other replication enzymes to the origin using specific protein-protein

interactions

This suggests that the initiator protein is not only important in identifying the site at which 

DNA replication subsequently commences, but also plays a vital role in the actual initiation 

of this process by inducing the recmitment and activation of other replication proteins.
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1.6 Prokaryotic DNA replication

Prokaryotic DNA replication has been extensively studied, with much of the preliminary 

work performed in E.coli. The fact that prokaryotic cells contain much smaller amounts of 

DNA than eukaryotic cells and that their genetic material is incorporated within a single 

chromosome has greatly facilitated the study of their replicative mechanisms.

1.6.1 Replication origin in E.coli

As the genetic material in E.coli is composed of one circular chromosome, each cell 

requires only a single origin of replication sequence (oriC) in order to replicate its entire 

genome. The oriC sequence was first identified by experiments showing that plasmids 

bearing this segment of DNA were capable of independent, controlled replication (Bramhill 

and Komberg, 1988). OriC consists of 240 base pairs in total, including four 9-mer repeats 

and three 13-mer repeats, both of which have been shown to be essential for the successful 

initiation of DNA replication.

1.6.2 Initiator protein in E.coli

Genetic studies have suggested that the most likely candidate for an initiator protein 

binding to oriC is the DnaA protein (Figure 1.3). This has been confirmed by experiments 

showing that strains of E.coli containing temperature-sensitive dnaA mutants are able to 

undergo DNA replication at the permissive temperature, but not at the restrictive temperature 

(Stillman, 1994). The DnaA protein initially binds to the four 9-mer repeats of oriC, which 

are rich in adenine and thymine, and induces coiling of this sequence around itself to form 

the initial complex. This new configuration brings the DnaA protein into close proximity to 

the three 13-mer repeats of oriC, resulting in the localised ‘melting’ and separation of the 

DNA strands in this region to form an open complex. The open structure of these 13-mer 

repeats then recruits other ATP-dependent helicases (DnaB and DnaC) whose function is to 

extend the unwinding and form the prepriming complex which will represent the site of 

future DNA replication forks (Bramhill and Komberg, 1988).
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FIGURE 1.3 Initiation of replication at E.coli OriC
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Model of initiation of replication at E. coli OriC. DnaA binds to the 9-mers (green region) and 13-mers (blue region) of OriC and 
causes localised unwinding of the DNA helix. Whilst DnaA (red) is only required for initiation of replication, DnaB (pale blue) and 
DnaC (yellow)are required for initiation and chain elongation. Adapted from Bramhill and Komberg, 1988.
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1.7 Eukaryotic DNA replication

1.7.1 Introduction

A major difference between prokaryotic and eukaryotic cells is the size and organisation of 

their genetic material. Prokaryotic cells often have small amounts of DNA contained in a 

single chromosome, enabling replication of the entire genome to be performed from a single 

origin of replication (Piatti, 1997). In contrast, eukaryotic cells not only contain a much 

larger amount of DNA but also display segregation of this genetic material onto different 

chromosomes. As a consequence, DNA replication in eukaryotes is a more complicated 

process, requiring the replication of shorter segments of DNA from a multitude of origins.

1.7.2 Initial concepts

Mammalian cell fusion experiments performed in 1970 contributed significantly to the 

understanding of DNA replication in eukaryotes, by showing that cells in one phase of the 

cell cycle could affect the progression of cells in other stages of the cell cycle (Rao and 

Johnson, 1970).

In their classic set of experiments, Rao and Johnson fused nuclei of HeLa cells in S phase 

of the cell cycle with those of cells in G1 or G2 phase (Figure 1.4). The results showed that 

although G1 nuclei could be induced to enter into S phase prematurely by fusion with an S 

phase cell, G2 nuclei were resistant to this induction. They concluded that although G1 

nuclei contain DNA that is competent for DNA replication, the actual onset of this process 

requires the presence of specific promoting factors which are only found in S phase cells. In 

contrast, cells that have already undergone replication of their genetic material (G2 phase) 

are prevented from re-entering S phase, either by the breakdown of the S-phase promoting 

factors (SPFs) present earlier in the cell cycle, or by the formation of other inhibitory factors.
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FIGURE 1.4 Cell Fusion Experiments
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HeLa cells were fused at different stages of the cell cycle. Fusion of a G1 nucleus with an S phase nucleus induces the G1 
nucleus to initiate DNA replication. However, a G2 nucleus can not be induced to re-replicate its genetic material by fusion 
with either a G1 or S phase nucleus. The data suggests that S phase cells contain cytoplasmic factors that are necessary for the 
induction of DNA synthesis, but that these factors are not present in either G1 or G2 phase cells, and G2 nuclei are unable to 
respond to their presence. Adapted from Rao and Johnson, 1970.
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1.7.3 Recent advances

In recent years, the regulatory mechanisms affecting the progression of the cell cycle have 

been attributed to the complex interaction of many different groups of molecules, including 

the cyclins, cyclin dependent kinases (CDKs), their inhibitors (CDKIs) and the cell division 

cycle (Cdc) and minichromosome maintenance (MCM) proteins. Although, most of this 

information about eukaryotic DNA replication was initially gathered from studies performed 

on the budding yeast {Saccharomyces cerevisiae) and the fission yeast {Saccharomyces 

pombe), similar regulatory systems have been identified in the African clawed toad {Xenopus 

laevis) and in humans (reviewed in Dutta and Bell, 1997).

1.7.4 DNA replication in S. cerevisiae

1.7.4.1 Origin of replication

A major advance in the study of eukaryotic DNA replication came in 1979 with the 

identification of autonomously replicating sequences (ARSs) in budding yeast (Stinchcomb 

et al., 1979). Each ARS is a genomic DNA sequence that allows a plasmid to replicate 

independently as an unrearranged, extrachromosomal element (reviewed Campbell and 

Newlon, 1991). The role of each ARS as an origin of DNA replication was confirmed by 

experiments showing that bidirectional DNA replication often initiates within individual 

ARS elements (Brewer and Fangman, 1987; Huberman et al., 1988).

All ARS regions in S. cerevisiae have been found to contain a 15 base pair segment (A 

element), which includes a highly conserved 11 base pair ARS-consensus sequence (ACS). A 

further B element, flanking the ACS, is also required for the ARS to function efficiently as an 

origin of replication (Marahrens and Stillman, 1992).

1.7.4.2 ORCproteins

The origin recognition complex (ORC) family of proteins is the best candidate for the 

initiator protein in S. cerevisiae. There are six proteins in total, ranging from 50 to 104 Mr 

(Bell and Stillman, 1992). The subunits are named according to size, with the largest referred 

to as ScOrclp {S. cerevisiae Ore 1 protein) and the smallest as ScOrcbp.
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ORC proteins have been found to bind to the ACS region of all ARS elements examined, 

with mutations at this site either reducing or eliminating the ability of ORC DNA binding 

(Rao and Stillman, 1995). Experiments on intact yeast nuclei have suggested that the 

flanking B element of the ARS is also required for the efficient binding of ORC proteins to 

DNA (Rowley et al., 1995). The ability to recognise these ACS and B element sequences has 

been shown by protein-DNA cross-linking studies to be dependent on the interaction of 

multiple ORC subunits, particularly ScOrc2p, ScOrc3p and ScOrc5p (reviewed in Dutta and 

Bell, 1997).

The binding of ORC to DNA is also dependent on ATP, and both ScOrclp and ScOrc5p 

show evidence of ATPase activity that may be of importance for this function (Klemm, 

1997). In fact, ORC proteins are known to bind to DNA not just during S phase but 

throughout the cell cycle, and also in quiescence (Diffley and Cocker, 1992). This suggests 

that although the binding of ORC proteins to DNA is essential for DNA replication to occur, 

it is not sufficient to initiate this process without the binding of other replicative proteins 

(Diffley et al., 1994).

1.7.4.3 Cdc6

The CDC6 gene was first identified in a genetic screen for genes required for cell cycle 

progression in S. cerevisiae (Hartwell, 1973). Several lines of evidence support a role for the 

S. cerevisiae Cdc6 protein (ScCdcbp) in the initiation of DNA replication:

1) Temperature-sensitive mutations in ScCdcbp have been shown to lead to elevated rates 

of plasmid loss at the permissive temperature (Hogan and Koshland, 1992)

2) It has been shown that ScCdcbp interacts directly with ScORC in vitro, and that over

expression of the ScCDC6 gene can overcome mutations in the ScORC5 gene (Liang, 

1995)

3) Absence of ScCdc6p has been shown to prevent the initiation of DNA replication in S.

cerevisiae (Cocker et al., 1996)
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Studies on the protein structure of ScCdc6p suggest that it has a purine nucleotide-binding 

domain (Zhou et al., 1989) and may also have some degree of ATPase activity (Zwerschke et 

a l, 1994). It is likely that the nucleotide binding and ATP hydrolysis properties of ScCdcôp 

play a major role in the function of ScCdcôp, since mutations in either domain result in a 

nonfunctional protein (Elsasser et a l, 1996).

Expression of the ScCDC6 gene is regulated at the mRNA level, with two bursts of 

transcriptional activity occurring at the M/Gl and Gl/S transitions (Zwerschke et a l, 1994). 

The protein level also peaks at the same times, suggesting that ScCdcôp is relatively unstable 

and is rapidly degraded during S phase of the cell cycle by the action of specific cyclin/CDK 

complexes (Piatti et a l, 1995).

1.7.4.4 MCM proteins

1.7.4.4.1 Discovery

The MCM proteins are a family of closely related proteins with striking sequence 

homology, which are also required for the initiation of DNA replication. They were first 

identified in S. cerevisiae using a genetic screening method to detect mutations causing 

defective plasmid maintenance or cell cycle progression (Moir et a l, 1982; Maine et a l, 

1984). Although first identified in S. cerevisiae, the MCM proteins now appear to be a 

common feature of DNA replication in all eukaryotes (Golomb, 1996).

1.7.4.4.2 Classes

The MCM proteins are divided into several distinct subclasses, according to their DNA 

sequence (Chong et al., 1996). Mcm2 -7  are essential for DNA replication, whilst Mcml is 

an unrelated protein kinase (Christ, 1991). The region of highest conservation between these 

proteins includes an approximately 240 amino acid domain, which has features of a DNA- 

dependent ATPase (Koonin, 1993). Despite such similarity of sequence, there is no apparent 

overlap of function for the MCM proteins. Each protein appears to fulfil a separate essential 

function, since deletion of any of the six MCM genes leads to a loss of cell viability in S. 

cerevisiae (Gibson et a l, 1990).
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1.7.4.4.3 Function

Unlike Cdc6p and ORC, the MCM proteins are very abundant proteins and are present at 

up to 500 times greater quantities than origins of replication in yeast cells (Lei et al., 1996). 

Two-hybrid and co-precipitation experiments in S. cerevisiae suggest that the MCM proteins 

function together in a large multi-protein complex. In particular, there are strong interactions 

between ScMcm2p, ScMcmSp and ScMcm5p (Lei et a l, 1996).

The MCM proteins are components of the pre-replicative complex (PRC) that has been 

shown to be necessary for initiation of DNA replication in all eukaryotes. In particular, it has 

been suggested that MCM proteins may extend along the DNA strand from the origin of 

replication, acting as helicases to unwind the DNA in preparation for the action of DNA 

polymerase (Ishimi, 1997).

1.7.4.4.4 Localisation

The localisation of the MCM proteins in S. cerevisiae appears to alter with progression 

through the cell cycle. The MCM proteins are nuclear during G1 phase, but become 

cytoplasmic as cells enter S phase (Hennessy et al., 1990). The mechanism of ScMCM 

protein redistribution is not clear but may involve the active export of MCM protein rather 

than proteolysis coupled with new synthesis, because the total levels of ScMCM protein do 

not vary significantly throughout the cell cycle (Yan et a l, 1993). This redistribution appears 

to be exclusive to S. cerevisiae and has not been conclusively shown in higher eukaryotes, in 

which the MCMs are thought to remain as intranuclear proteins.

1.7.4.5 Cyclin/CDK complexes

A number of cyclins are present at various stages of the cell cycle and perform different 

functions. In S. cerevisiae, these include G1 cyclins (CLNl-3), S phase cyclins (CLB5-6) and 

M phase cyclins (CLBl-4). In contrast, only one CDK (Cdc28) is involved in the progression 

of S. cerevisiae through the cell cycle (Beach et al., 1982), with its functional specificity 

being determined by its interaction with either GI or G2 cyclins (Figure 1.5).

In GI, the Cdc28 kinase initially binds to CLN3, and induces the transcription of CLNl 

and 2 (Tyers et al., 1993). Although progression from Gl to S phase involves all the CLN
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cyclins there is a significant redundancy of function between these proteins, since cells only 

arrest in Gl phase if all three genes are deleted (Richardson et a l, 1989).

7. 7.4.6 CDK inhibitors

The main CDK inhibitor in S. cerevisiae is a protein called Sicl. This protein binds to the 

cyclin/CDK complex and prevents its activation, thus leading to Gl arrest (Mendenhall,

1993). Although Sicl is stable during early Gl and prevents the premature activation of S 

phase CDKs (Schwob et a l, 1994), it is usually broken down in the late Gl phase by a 

ubiquitin-dependent mechanism. This process involves several regulatory factors, including 

Cdc34 (Goebl et a l, 1988), Cdc4, Cdc53 (Mathias et a l, 1996) and SKPl (Bai et a l, 1996). 

Degradation of Sicl thus allows the stabilisation of active cyclin/CDK complexes and 

enables cell progression into the S phase of the cell cycle (reviewed by Hoyt, 1997).

1.7.5 DNA replication in other eukaryotes

Although much of our understanding of eukaryotic DNA replication was initially based on 

studies in S. cerevisiae, similar principles have also been found to apply to other eukaryotic 

systems of DNA replication. Indeed, several homologues of the replication proteins in S. 

cerevisiae have already been identified in Xenopus and human species, and are postulated to 

perform identical functions:

1.7.5.1 ORC (Table 1.3)

Genes encoding Orel and Orc2 proteins have been identified in both Xenopus and 

human systems (Gavin et a l, 1995; Rowles et a l, 1996) and the presence of these gene 

products has been shown to be essential for the replication of double-stranded DNA 

(Carpenter et a l, 1996; Romanowski et a l, 1996). Their function, similar to ScORC, is to 

bind to DNA at putative origins of replication and act as a landing-pad for the subsequent 

binding of other PRC proteins.
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FIGURE 1.5 Cyclin/CDK activity in the cell cycle
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Table 1.3 ORC genes in different species

Gene s. cerevisiae Xenopus Human

&oŷ cy
(Bell, 1995)

ĵ oy^c
(Rowles, 1996)

HsORCl 

(Gavin, 1995)

6"cOy?C2 
(Micklem, 1993) (Carpenter, 1996)

/y:yoy?C2 
(Gavin, 1995)

(Bell, 1995)

oŷ ĉ
(Bell, 1995)

oy^cj
(Loo, 1995)

oŷ cd ĉOŷ Cd 
(Li, 1993)

1.7.5.2 Cdc6 (Table 1.4)

Genes coding for the Cdc6 protein have been identified in both Xenopus and human 

species from their similarity to the S. cerevisiae CDC6 gene (Coleman et a l, 1996; Williams 

et al., 1997). These proteins act similarly to ScCdcôp, by interacting with the ORC family of 

proteins and forming part of the PRC. However, unlike its yeast counterpart, XlCdcôp is not 

degraded during S phase by cyclin/CDK-induced phosphorylation. Instead, it is believed that 

an MCM-loading factor, possibly Cdc6, may be exported out of the nucleus by a specific 

transporter protein and prevented from re-entering until breakdown of the nuclear membrane 

occurs in mitosis (Madine et al., 1995). This may account for the finding that nuclear 

envelope breakdown is necessary for re-replication of DNA in ?i Xenopus cell-free replication 

system (Blow and Laskey, 1988).

Although regulation of human Cdc6 is still under investigation, the presence of Cdc6 has 

been detected throughout the cell cycle in cell line studies performed on murine 3T3 cells 

(Stoeber et al., 1998). It has recently been suggested that, in S phase, soluble (unbound)
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nuclear Cdc6 is phosphorylated and degraded, whilst the chromatin-bound Cdc6 fraction 

remains in the nucleus in a phosphorylated state (Coverley et al., 2000). Newly synthesised 

Cdc6 is then produced in early Gl and is able to initiate a new round of DNA replication.

1.7.5.3 MCM proteins (Table 1.4)

In Xenopus, homologues of most of the ScMCM proteins (Mcm2-5 and Mcm7) have been 

identified and experimentally shown to be essential components for the initiation of DNA 

replication (Madine et al., 1995; Chong et al., 1995). In humans, homologues of the MCM2- 

7 family have also been identified, either through co-purification with DNA polymerase 

alpha or sequence similarity to the S. cerevisiae genes. The MCM proteins of both species 

have been found to interact with their respective Cdc6 and ORC proteins in a similar manner 

to that reported for S. cerevisiae (Thommes, 1992; Todorov, 1994).

Table 1.4 M CM  and CDC6 genes in different species

Gene S. cerevisiae X. laevis Human

HsMCM2

(Yan, 1991) (Miyake, 1996) (Todorov, 1994)

(Gibson, 1990) (Kubota, 1995) (Kubota, 1995)

MCM4 HsMCM4

(Whitbread, 1995) (Hendrickson, 1996) (Hu, 1993)

HsMCM5

(Hennessy, 1991) (Miyake, 1996) (Hu,1993)

HsMCM6

- - (Harvey, 1996)

HsMCM?

(Dalton, 1995) (Romanowski, 1996) (Schulte, 1996)

CDCd &CDC6 YZCDCd TTyCDCd

(Zhou, 1989) (Coleman, 1996) (Williams, 1997)
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1,7.5.4 Cyclin/CDK complexes

Many different cyclins and CDKs have been characterised and cloned in mammalian cells 

(Table 1.5). Cyclin/CDK complexes play a central role in regulating cell cycle progression 

by phosphorylating specific substrates involved in DNA replication, and are also involved in 

many other processes including DNA transcription and repair. In order to enable each CDK 

to perform a specific function under particular circumstances, eukaryotic cells have 

developed a large number of functionally different, phase-specific cyclins. The synthesis and 

accumulation of a specific cyclin thus dictates the formation of a cyclin / CDK complex at a 

distinct point in the cell cycle.

At least four CDKs are involved in the transition of mammalian cells through the cell 

cycle. Whilst CDKl is required for mitosis, CDK4 and CDK6 are mainly active in Gl and 

CDK2 is active in S phase (Riabowol et a l, 1989; Baldin et al., 1993). Although the family 

of D type cyclins, especially cyclin D l, are also present in Gl and help trigger S phase entry, 

this function can be performed by other cyclins. In particular, cyclin A and cyclin E are 

directly involved in the entry and progression of cells through S phase (Koff, 1992).

Although the exact function of many cyclin/CDK complexes is unknown, one important 

substrate of the mammalian cyclin D1/CDK4 complex is the retinoblastoma protein (pRb). 

The wild type pRb is a tumour suppressor protein, known to prevent neoplastic 

transformation of cells by binding and inactivating the heterodimeric transcription factor 

E2F/DP1 (reviewed in Ewen, 1994). However, phosphorylation of pRb by cyclin D1/CDK4 

leads to loss of its ability to bind the E2F/DP1 complex, allowing it to become 

transcriptionally active (Baldin et al., 1993). As a result, E2F induces the transcription of a 

number of cell cycle and DNA synthesis regulatory genes by binding to their promoters 

(Figure 1.6). This includes genes encoding DNA polymerase alpha, thymidine kinase, 

dihydrofolate reductase, cyclins A and E and c-myc, as well as the ORC, Cdc6 and MCM 

proteins (Means et al., 1992; Ohtani et a l, 1999; Ohtani et al., 1996; Hengstschlager et al., 

1999; Suzuki et al., 1998). The positive feedback effect increases the level of cyclins present 

within the nucleus and the resulting accumulation of cyclin/CDK complexes in the nucleus 

ensures an irreversible commitment of cells to progress through S phase, and eventually 

through the remainder of the cell cycle.
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FIGURE 1.6 Effects of Cyclin/CDK complexes on Rb protein
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Phosphorylation of Rb protein by Cyclin D/CDK4 causes release of the heterodimeric E2F/DP1 transcription factor, resulting in 
the transcription of genes promoting cell growth and cell cycle progression
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Table 1.5 Mammalian cyclins and CDKs (from Dutta and Bell, 1997)

Cell cycle protein Stage of cycle Function

Cyclin A S-^M phase Activates CDKl and CDK2

Cyclin B M phase Activates CDKl

Cyclin C ? Gl phase Activates CDK8

Cyclin D Gl phase Activates CDK4 and CDK6

Cyclin E G1->S phase Activates CDK2

Cyclin F M phase Involved in ubiquitination

Cyclin G ? All phases ?DNA repair

CDKl M phase Phosphorylates histone proteins

CDK2 G1->S phase Activates DNA replication proteins

CDK3 G1->S phase Modulates E2F transcription factor

CDK4 Gl Phosphorylates Rb protein

CDK6 Gl Phosphorylates Rb protein

CDK7 All phases Phosphorylates RNA polymerase II

CDK8 Gl Phosphorylates RNA polymerase II

66



1,7.5.5 CDK inhibitors (Table 1.6)

Aside from variations in cyclin abundance and regulation of CDKs by phosphorylation, 

control of the cell cycle can be maintained in mammalian cells by the activity of CDK 

inhibitory proteins (Figure 1.7). Two distinct families of CDK inhibitors have been 

identified, on the basis of sequence similarity and specificity of action:

1 ) CIP family (p21, p27, p57)

2) INK4 family (p l5 ,p l6 ,p l8 ,p l9 )

These proteins all bind specific cyclin/CDK complexes and inactivate them, thus 

preventing progression of cells in the cell cycle and causing Gl arrest. Although the exact 

mechanism is not known in all cases, p27 inactivates the activity of cyclin A/CDK2 by 

blocking the ability of the CDK2 component to bind ATP (Russo et al., 1996).

Table 1.6 Mammalian CDK inhibitors

CDK inhibitor Family Gene location Site of action

P21 CIP 6p2I CDK2,3,4,6

P27 CIP I2pI2 CDK2,3,4,6

P57 CIP IIpI5.5 CDK2,3,4,6

P15 INK4 9p2I CDK4,6

P16 INK4 9p2I CDK4,6

P18 INK4 Ip32 CDK4,6

P19 INK4 I9pI3 CDK4,6
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FIGURE 1.7 Cellular roles of the CDK inhibitors
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and induce cell cycle arrest.
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1.7.6 Overview of events involving PRC proteins in eukaryotic DNA replication

A complex series of molecular interactions involving the PRC is necessary to enable a cell 

to progress from the Gl to the S phase of the cell cycle (Figure 1.8). The sequence of events 

is summarised below:

1. Initial binding of the ORC family of proteins to specific DNA sequences known as 

origins of DNA replication. The ORC proteins remain bound to these origins throughout 

the cell cycle, and act as a “landing pad” for the sequential loading of other components 

of the pre-replicative complex.

2. The presence of chromatin-bound ORC leads to the recruitment and subsequent binding 

of Cdc6. This is the rate-limiting step in the formation of the pre-replicative complex 

(PRC), since Cdc6 is only present in an active form in the nucleus from Gl phase to the 

beginning of S phase. In S. cerevisiae, re-replication of DNA is prevented by the rapid 

degradation of soluble (unbound) nuclear Cdc6 in early S phase (Piatti et a l,  1995). In 

Xenopus, entry of Cdc6 into the nucleus in Gl requires the temporary disruption of the 

nuclear membrane that occurs in mitosis. The Cdc6 is then rapidly transported out of the 

nucleus during S phase, preventing re-replication of DNA later in the cell cycle. In 

human cells, the soluble nuclear Cdc6 fraction is phosphorylated by cyclin A/CDK2 and 

degraded, whilst the chromatin-bound fraction remains intact in a phosphorylated state 

(Coverley et a l, 2000). This accounts for the observation that Cdc6 is detectable in the 

nucleus of mammalian cells throughout the cell cycle.

3. After Cdc6 binding, the MCM family of proteins is loaded onto the chromatin and acts to 

complete the formation of the PRC (Cocker et a l, 1996). Once assembled, the PRC is 

then activated by the presence of stimulatory co-factors including Cdc45 and Cdc7/Dbf4. 

These interact with Mcm2 and Mcm5 and cause conformational changes to occur in these 

proteins, enabling their functional activity to begin.
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4. At the same time as activation of the PRC, the stabilisation of cyclin/CDK complexes, 

including cyclin A/CDK2 and cyclin E/CDK2, is induced, possibly by preventing their 

degradation by CDK inhibitors. The presence of stable cyclin/CDK complexes has 

several important effects:

a) One clear function of S-phase cyclin/CDK complexes is to enable the initiation of DNA 

replication by allowing the transcription and recruitment of the enzymes necessary for the 

process, such as DNA polymerase alpha-primase

b) Activation of cyclin/CDK complexes also produces conformational changes in several 

members of the MCM family. It has been suggested that this structural change enables 

the MCM proteins to extend along the DNA strand, along with the replication fork, and 

thus act as a helicase at the site of polymerase activity (Ishimi, 1997). This hypothesis is 

consistent with the experimental finding that whilst MCM proteins are specifically 

localised to origin of replication sequences in the Gl phase, they can be found at other 

DNA sequences during S phase (Aparicio et a l, 1997). In particular, it is the 

phosphorylation of Mcm2 and Mcm3 protein, performed by Cdc7/Dbf4, that is thought to 

stimulate the helicase activity of MCM complex (Lei et a l, 1997).

c) In contrast, the phosphorylation of Mcm4 by cyclin B/CDKl in early S phase is thought 

to promote the dissociation of the MCM proteins from chromatin once their helicase 

activity has been performed (Chong et a l, 1995; Hendrickson et a l, 1996). This acts to 

prevent the formation of a PRC in the later stages of the cell cycle and thus limits 

replication to once per cell cycle (Todorov et a l, 1995). Once mitosis has been 

completed, the MCM proteins then undergo dephosphorylation, allowing them to 

participate in the formation of the PRC during the next Gl phase.

d) Phosphorylation of soluble (unbound) nuclear Cdc6 occurs due to the action of several 

cyclin/CDK complexes, including cyclin A/CDK2 (Elsasser et a l, 1996). In S. 

cerevisiae, this conformational change in the Cdc6 structure causes its rapid degradation 

during S phase and prevents the re-assembly of a PRC in the later stages of the cell cycle
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(Piatti et al., 1995). The formation of newly synthesised ScCdc6 protein in early Gl of 

the next cell cycle enables the cell to become competent for replication again. In 

Xenopus, an MCM-loading factor, possibly soluble nuclear Cdc6, is phosphorylated in S 

phase before being transported out of the nucleus, requiring breakdown of the nuclear 

envelope for its entry into the nucleus in Gl phase (Madine et al., 1995). In human cells, 

it has recently been suggested that phosphorylation of soluble nuclear Cdc6 causes its 

degradation and prevents formation of new PRC in the later stages of the cell cycle, 

whilst the chromatin-bound nuclear Cdc6 fraction remains intact (Coverley et al., 2000). 

Once mitosis has been completed, new HsCdc6 may be synthesised, allowing formation 

of PRC during the next Gl phase.

1.7.7 Summary of eukaryotic DNA replication

Thus it can be seen that the pre-replicative and post-replicative states of the cell in all 

eukaryotes are mirror images of each other, and are brought about by changes in the relative 

levels of PRC components, cyclin/CDK complexes and CDK inhibitors:

1) Pre-replicative state (Gl phase):

In order for a cell to be competent for DNA replication, it must undergo assembly of the 

PRC (ORC, Cdc6 and MCM proteins) and the simultaneous breakdown of CDK inhibitors by 

Cdc34. As a result, there is stabilisation and activation of cyclin/CDK complexes within the 

nucleus and this promotes the recruitment and transcription of factors important for the 

initiation of replication.

2) Post-replicative state (Sphase):

Once replication has been initiated, regulatory mechanisms ensure that re-replication of 

DNA is prevented within the same cell cycle. This is accomplished by phosphorylation of 

Cdc6 and MCM proteins, leading to the dissociation of the PRC and preventing its re

formation until the next cell cycle.
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FIGURE 1.8 A summary of the cell cycle in S, cerevisiae
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FIGURE 1.9 A schematic representation of cell cycle proteins in all eukaryotes
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1.8 Preliminary work on clinical applications of antibodies against MCM  

proteins

1.8.1 Ceil line studies

A study performed by Stoeber et al. in 1998 investigated the activity of Cdc6 and MCM 

proteins in mammalian cells, using a modified version of a previously reported mammalian 

cell-free replication system (Krude et al., 1997; Stoeber et a l,  1998). The authors showed 

that Gl phase mouse 3T3 cells could be induced to initiate DNA replication early, at 18 

rather than 21 hours after release from quiescence, by incubation with S phase HeLa cytosol. 

In contrast, neither GO mouse 3T3 cells nor Gl cells at earlier stages of release from 

quiescence were able to replicate in the presence of S phase cytosol. The study also showed 

that the ability of Gl nuclei to become competent for DNA replication at 18 hours was a 

result of the accumulation of nuclear Cdc6 protein and the chromatin-binding of MCM 

proteins that occurred at this time. Furthermore, it was possible to experimentally induce 

premature entry of Gl mouse 3T3 cells into S phase by microinjecting Cdc6 protein into the 

nucleus of these cells at 15 hours after release from quiescence.

The findings of this study suggested that Cdc6 and MCM proteins are vital for the 

initiation of DNA replication in eukaryotic cells, and must be present in all proliferating 

cells. In particular, Cdc6 and MCM proteins were shown to be detectable throughout the cell 

cycle but rapidly degraded in quiescent and differentiated cells, consistent with previous 

findings in human Wi38 and T24 cell lines (Williams et al., 1997; Yan et al., 1998). It was 

thus proposed that these proteins could be used as markers of cell proliferation in clinical 

tissues, and that antibodies against these proteins could be used to allow distinction of 

cycling dysplastic cells from their normal differentiated counterparts.

1.8.2 Cervical smears

In 1998, Williams et a l developed polyclonal antibodies against Mcm5 and Cdc6 proteins 

and examined the potential clinical utility of these antibodies in the detection of dysplastic 

and malignant cells in cervical tissue.
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The authors performed immunohistochemistry and immunofluorescence on 57 frozen 

sections of cervical tissue using antibodies against Mcm5 and Cdc6, and compared the 

expression of these proteins against that of established proliferation markers, PCNA and 

Ki67. Although the expression of PRC proteins was confined to the basal layer of normal 

cervical epithelium, it was found to extend to the lower third of epithelium in low-grade 

squamous intraepithélial lesions (LSIL) and throughout the entire epithelium in high-grade 

squamous intraepithélial lesions (HSIL). Whilst the pattern of expression for PCNA and 

Ki67 was similar to that for Mcm5 and Cdc6, many fewer cells were immunopositive for 

these conventional proliferation markers than for the PRC proteins.

After illustrating that antibodies against Cdc6 and Mcm5 were able to detect dysplastic 

cervical cells in frozen sections, the authors went on to examine the potential utility of these 

antibodies in the detection of dysplastic cells in cervical smears. They hypothesised that 

combining an immunohistochemical test for the detection of MCM or Cdc6 protein 

expression with the routine Pap test may facilitate the identification of dysplastic cells in 

cervical smears, and help reduce the false-negative rate of the routine Pap test.

A small blinded trial was performed to compare the immunoenhanced Pap test with the 

standard Pap test for the detection of dysplastic cells in cervical smears. A total of 58 cases 

was examined, and the results for Mcm5 or Cdc6 expression correlated with the pathological 

diagnosis obtained on routine cytology and/or histology.

All 28 cases identified as LSIL, HSIL or carcinoma on routine cytological assessment, 

contained cells expressing Mcm5 or Cdc6. Of the 30 cases classified as normal on routine 

Pap stain, 26 were also negative on the immunoenhanced Pap test, with the remaining four 

cases positive for Mcm5 or Cdc6 expression. A review of these cases showed that two slides 

contained immunopositive immature metaplastic squamous cells, with the underlying Pap 

counterstain allowing the non-neoplastic features of these cells to be identified. The other 

two cases were confirmed as containing dysplastic cells (LSIL) on review of the original 

diagnostic smear and subsequent biopsy revealed that these lesions were actually HSIL.

Whilst the results suggested that antibodies against Cdc6 or MCM proteins could be used 

to facilitate the identification of dysplastic cells in cervical smears, the authors concluded that 

their findings would have to be validated in a larger series of clinical trials.
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1.8.3 Investigation of HsMcm2 (BM28) in human tissues

In 1998, Todorov et al. employed immunhistochemical and immunoblotting studies to 

investigate the expression of HsMcm2 in a range of normal and neoplastic human tissues. 

Whilst affinity-purified rabbit antibodies against BM28 identified the proliferating 

compartment of normal and tumour tissues in a similar manner to existing proliferation 

markers, they consistently stained more nuclei than Ki67 in normal and neoplastic human 

tissues (Todorov et al., 1998). Immunoblotting data showed that BM28 was detectable in 

97% of neoplastic lesions compared to only 27% of corresponding normal tissues, suggesting 

a higher frequency of expression of BM28 in the neoplasms examined. Although the results 

appeared to suggest that antibodies against BM28 could be novel markers for proliferating 

cells, the authors concluded that further studies were necessary in order to evaluate the full 

potential of antibodies against BM28 as a diagnostic and prognostic marker in clinical 

tissues.

1.8.4 Investigation of HsMcm? (hCDC47) expression in human skin

In 1998, Hiraiwa et a l examined the expression of HsMcm7 (hCDC47) protein in a range 

of normal and neoplastic skin lesions, including keratoacanthomas and basal cell carcinomas 

(Hiraiwa et a l, 1998). They found that, although the expression of hCDC47 was confined to 

the basal layer of kératinocytes in normal skin and keratoacanthomas, there was deregulated 

expression of this marker in viral warts and basal cell carcinomas. The authors concluded 

that hCDC47 could be used as a marker of keratinocyte proliferation in inflammatory and 

neoplastic disorders of the skin.
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1.9 General aims of the work presented in this thesis

Although the studies described above (section 1.8) have reported the use of antibodies 

against MCM proteins as markers of proliferating cells, none of these studies has 

characterised the expression of MCM proteins in a wide range of normal, inflamed, 

dysplastic and neoplastic lesions from different anatomical sites. In particular, it is not known 

whether a specific antibody against a member of the MCM protein family may be applied to 

archival formalin-fixed, paraffin-embedded tissues, frozen sections and cytological 

preparations. Furthermore, apart from the cervical smear study, no attempts had been made to 

investigate specific clinical areas in the field of histopathology or cytopathology where 

antibodies against MCM proteins could be useful as diagnostic or prognostic markers. Thus 

the main aims of the work presented in this thesis were to extend the previous work 

undertaken with antibodies against MCM proteins by;

1. Establishing the applicability of monoclonal and/or polyclonal antibodies against Mcm2, 

Mcm5 and Cdc6 proteins to a wide range of human tissues from different anatomical 

sites

2. Characterising the pattern of expression of MCM and Cdc6 proteins in normal epithelia, 

as well as in inflammatory, dysplastic and neoplastic lesions, and comparing the level of 

MCM expression with that of Ki67 and PCNA

3. Assessing the potential utility of antibodies against MCM proteins for the detection of 

dysplastic and neoplastic cells in different sample types, including archival formalin- 

fixed, paraffin-embedded tissue, frozen sections and a wide range of cytological 

preparations

4. Improving the detection of dysplastic and neoplastic cells in cytological preparatations 

from the lung, colon and bladder, as an adjunct to the routine cytological methods used 

for the early detection of these carcinomas
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5. Identifying areas of histopathology where antibodies against MCM proteins could be 

used either to aid differential diagnosis between malignant and reactive conditions or 

provide prognostic information about the biological behaviour of a neoplasm.
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Chapter 2

Materials and Methods

2.1 Chemical reagents and suppliers

2.1.1 Immunohistochemical staining

APES

DEPEX mounting medium  

EA50 solution

Goat anti-mouse secondary antibody 

Goat anti-rabbit secondary antibody 

Harris’ haematoxylin 

Hydrochloric acid 

Hydrogen peroxide 

Industrial methylated spirits 

Normal goat serum 

Orange G solution 

Paraformaldehyde 

SABC-alkaline phosphatase 

SABC-horseradish peroxidase 

Sodium citrate 

Sodium dexoycholate 

Tris base

Tris hydrochloride 

Triton X-100  

Xylene

Sigma

Gurr

Merck

DAKO

DAKO

Gurr

BDH

Sigma

BDH

DAKO

Sigma

BDH

DAKO

DAKO

BDH

BDH

Sigma

Sigma

Sigma

BDH
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2.1.2 Immunofluorescence

Fluorescein anti-rabbit secondary antibody Amersham

Fluorescence mounting medium Sigma

Glutaraldehyde Sigma

Glycerol Sigma

Paraformaldehyde BDH

Phenylenediamine Sigma

Propidium iodide Sigma

SDS USB

Sodium borohydride Sigma

T riton X -100 Sigma

2.1.3 Western blotting

2-mercaptoethanol Sigma

Acrylamide Sigma

EDTA Merck

ECL Amersham

Goat anti-rabbit secondary antibody DAKO

Glycerol Sigma

Milk protein Marvel

Protein quantitation kit Bio-Rad

SDS USB

Tris base Sigma

TEMED Sigma

Tween 20 Sigma
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2.1.4 In situ hybridisation

Acetic acid

Anti-digoxigenin alkaline phosphatase antibody 

BCIP

Blocking agent

Dextran sulphate

Diethyl pyrocarbonate (DEPC)

EDTA

Formamide

Glycine

Hydrochloric acid 

Magnesium chloride 

Milk protein 

NBT

Proteinase K 

Sodium chloride 

Sodium citrate 

Tris base 

Triton X -100

BDH

DAKO

Sigma

Boehringer-Mannheim

Sigma

Sigma

Merck

BDH

BDH

BDH

BDH

Marvel

Sigma

Boehringer-Mannheim

BDH

BDH

Sigma

Sigma
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2.2 Stock solutions

2.2.1 Immunohistochemical staining 

Acid alcohol

1400ml Industrial methylated spirits 

580ml ultrapure water 

20ml conc. Hydrochloric acid

lOxTris buffered saline (TBS)

60.6g Trizma Hydrochloride (Sigma)

13 .9g Trizma base (Sigma)

87.6g Sodium chloride (Sigma)

500ml ultrapure water

SxPhosphate buffered saline (PBS)

42.5g sodium chloride

32.4g disodium hydrogen phosphate

0.78g sodium dihydrogen phosphate

Make up to 1 litre with ultrapure water, pH 7.3

1% BSA /  TBS solution

50mg BS A (fraction V, Sigma)

5ml TBS solution

10% Norm al goat serum

50|il normal goat serum (DAKO)

450|il 1% BS A/TBS solution

Endogenous peroxidase block

393.5ml TBS

6.5ml hydrogen peroxide

Citrate buffer (for antigen retrieval)

5.88g sodium citrate

44ml 0.2M  hydrochloric acid

Make up to 2 L with ultrapure water
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DAB solution

Stock solution; 20mg/ml diaminobenzidine tetrahydrochloride (Sigma) in TBS

Working solution: 10 ml stock solution 

390ml TBS

135|il hydrogen peroxide

H arris’ haematoxylin

1 Og haematoxylin

100ml industrial methylated spirits

200g aluminium potassium sulphate

80ml glacial acetic acid

Make up to 2 L with ultrapure water

O range G solution

Stock solution : 50g Orange G

500ml ultrapure water 

1.5g phosphotungstic acid

Working solution: 50ml stock solution 

950ml methanol

Papanicolaou EA50 solution

U se as stock solution supplied by Merck

2.2.2 Immunofluorescence

Fixation buffer

4% paraformaldehyde

0.1% glutaraldehyde

Make up to required volume in PBS

Perm eabilisation buffer

0.2% Triton X-100  

0.04% SDS

Make up to required volume with PBS
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2.2.3 Western blotting
Lysis buffer

2% sodium dodecyl sulphate 

2% 2-mercaptoethanol 

5mM EDTA  

20% glycerol 

1 OOmM Tris-HCl, pH 6.8

Blocking buffer

10% milk protein

1% Tween-20, make up to 1 litre with TBS

Ponceau stain

0.1% Ponceau S 

0.5% acetic acid

Transfer buffer

0.3M Tris 

O.OIMCAPS 

10% methanol 

0.02% SDS

Stacking gel

5.5ml water

1.3ml 30% acrylamide mix 

1ml IM  Tris, pH 6.8 

80|al 10% SDS 

80|ul 10% APS 

8|il TEMED

10% resolving gel

9.9ml water

8.3ml 30% acrylamide mix 

6.5ml 1.5M Tris, pH 8.8 

250 |l i 1 10% SDS 

250^11 10% APS 

lO îl TEMED
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2.2.4 ISH

Proteinase K  buffer

50mM Tris, pH7.5 

5mM EDTA

Hybridisation buffer

200^1 20xSSC  

1ml deionised formamide 

500|il 20% dextran sulphate 

4mg milk protein 

300|il ultrapure water

20xSSC

175.3g sodium chloride 

88.2g sodium citrate

Make up to 1 litre with ultrapure water, pH 7.0

PBS/G lycine solution

0.1 Og glycine 

50ml PBS

W ash buffer 1

50ml IM  Tris, pH7.5 

10ml 5M sodium chloride 

1ml IM  magnesium chloride

2.5ml 10% Triton X-100, make up to 500ml with ultrapure water

W ash buffer 2 (blocking buffer)

As for buffer 1 plus 0.5% blocking agent

W ash buffer 3

50ml IM  Tris, pH9.5 

10ml 5M sodium chloride 

25ml IM  magnesium chloride 

Make up to 500ml with ultrapure water
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C olour change solution

3.3^il NBT  

25 III BCIP 

750|il wash buffer 3

Tris-EDTA (TE) buffer 

lOmM Tris-HCl 

ImM EDTA, pH to 8.0

2.3 Principal techniques

2.3.1 Production of antibodies against MCM proteins

2.3.1.1 Monoclonal antibodies

Monoclonal antibodies against MCM proteins were kindly supplied by Dr. Steve Dilworth 

(Department of Metabolic Medicine, Imperial College, London) and were produced using the 

following method:

Approximately 3 month old Balb/c x CBA FI crossed mice were immunised by 

subcutaneous injection of lOOpg bacterially expressed human Mcm2 or Mcm5 fusion protein 

emulsified with an equal volume of Titremax Gold (CytRx Corporation). The immunisation 

was repeated 3 times at 2-3 monthly intervals, following which the mice rested for 6 months. 

A further lOOpg of fusion protein in phosphate buffered saline (PBS) containing 0.1% SDS 

was injected intraperitoneally at 6 and 3 days prior to sacrifice. Hybridoma lines were then 

established by fusing splenocytes from the immunised animal with the myeloma line Sp2/0- 

Agl4, using polyethylene glycol treatment in a conventional protocol. Lines were screened 

for antibody production by a modified dot blot procedure using the bacterially expressed 

fusion protein (Dilworth and Homer, 1993). Tissue culture fluid containing the monoclonal 

antibody was then harvested prior to cell death to prevent contamination with murine MCM 

proteins.
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2.3.1.2 Polyclonal antibodies

Rabbit polyclonal antibodies against Mcm5 were kindly supplied by Dr. Piotr 

Romanowski (CRCAVellcome Institute, Cambridge) and were produced using a standard 

immunisation protocol as previously described (Romanowski et al., 1996). The crude 

antibody was then affinity purified and stored at -80°C until required.

2.3.2 Immunohistocbemistry of paraffin-embedded tissue sections

Formalin-fixed, paraffin-embedded blocks were selected from the archives of the 

Histopathology Department at Addenbrooke's Hospital NHS Trust, and 5pm serial sections 

were cut onto aminopropyltriethoxysilane (APES)-coated slides. The tissue sections were 

dewaxed in xylene and taken through a series of graded ethanols to water. Antigen retrieval 

was performed by pressure-cooking for 3 minutes in 0.02M citrate buffer. After washes in 

TBS, the endogenous peroxidase activity of the tissue was quenched by incubation with 0.6% 

hydrogen peroxide for 30 minutes. Sections were then washed in TBS and blocked with 10% 

normal goat serum for 2 hours at room temperature. Primary mouse monoclonal or rabbit 

polyclonal antibodies, diluted to the optimal concentration using TBS containing 1% BSA 

and 0.1% Triton X-100, were applied to each slide and incubated overnight at 4°C in 

humidified chambers.

The following day, the slides were washed with TBS containing 0.025% Triton and 

incubated with a secondary biotinylated goat anti-mouse or goat anti-rabbit antibody (1:500) 

at room temperature for 2 hours. The stain was developed with a standard horseradish 

peroxidase (HRP) labelled, strepavidin biotin complex (SABC), using diaminobenzidine 

(DAB) as a substrate. The slides were then lightly counterstained with Harris’ haematoxylin, 

dehydrated in ethanols and cleared in xylene. Coverslips were applied using DEPEX 

mounting medium.
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2.3.3 Immunohistochemistry of frozen tissue sections

Snap-frozen samples of normal and tumour tissue were obtained from the Frozen Tissue 

Bank of the Histopathology Department at Addenbrooke’s Hospital NHS Trust, after 

approval by the Local Research Ethics Committee. 5pm frozen tissue sections were cut on 

APES-coated slides and stored at -80°C until required. The tissue sections were allowed to 

thaw to room temperature and immediately fixed with 4% paraformaldehyde for 5 minutes. 

After washes in TBS, endogenous peroxidase activity was quenched with 0.6% hydrogen 

peroxide for 30 minutes. lOOpl of 10% normal goat serum was then applied to each slide and 

incubated for 1 hour at room temperature. Primary mouse monoclonal or rabbit polyclonal 

antibodies, diluted to the optimal concentration using TBS containing 1% BSA and 0.1% 

Triton X-100, were applied to each slide and incubated overnight at 4°C in humidified 

chambers.

After washing with TBS containing 0.025% Triton X-100, the slides were incubated with 

biotinylated goat anti-mouse or goat anti-rabbit secondary antibodies (1:200) at room 

temperature for 1 hour. The stain was developed using a standard HRP-labelled SABC 

system, with DAB as a substrate. The slides were lightly counterstained with haematoxylin, 

dehydrated in ethanols and cleared in xylene. Coverslips were applied using DEPEX 

mounting medium.

2.3.4 Immunocytotochemistry of cytological preparations

Cytospin preparations were produced from cytological specimens by centrifuging at 

3,000rpm for 5 minutes and resuspending the cell pellet in 400pl of cytology collection fluid 

(Shandon). Two cytospin slides were then prepared from this solution using the Cytospin 3 

machine (Shandon) according to the manufacturer’s instructions.

The resulting cytological preparations were soaked in methanol for 5 minutes, washed in 

TBS and then permeabilised using 4mM sodium deoxycholate for 10 minutes. After washes 

with TBS, 10% normal goat serum was applied to each slide and incubated at room 

temperature for 2 hours. Primary mouse monoclonal or rabbit polyclonal antibodies, diluted
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in a 1% TBS/BSA solution containing 0.1% Triton X-100, were then added and incubated 

overnight at 4°C in a humidified chamber.

The following day, the slides were washed in TBS and incubated with a biotinylated goat 

anti-mouse or goat anti-rabbit antibody for 1 hour at room temperature. An endogenous 

peroxidase block was performed with 0.6% hydrogen peroxide for 10 minutes and, after 

washes in TBS, the stain was developed using a horseradish-peroxidase (HRP)-labelled 

strepavidin biotin complex (SABC) system with diaminobenzidine (DAB) as a substrate, as 

described in section 2.3.2.

The smears were then counterstained using a modified Papanicolaou (Pap) technique. This 

was performed by staining with Harris’ haematoxylin and 0.5% hydrochloric acid, passing 

the slides through graded methanols and counterstaining with Orange G solution and EA50 

solution for 2 minutes each. The Pap-stained slides were finally dehydrated in ethanols, 

cleared in xylene and coverslips applied with DEPEX mounting medium.

A modified and shortened version of the standard protocol for staining cytological 

preparations was also used to immunostain cervical smears. This technique incorporated the 

following changes to the standard protocol:

1) 10% normal goat serum was applied for only 30 minutes.

2) Primary monoclonal antibody against Mem 2 was applied (1:20) for 1 hour at 37°C.

3) Endogenous peroxidase activity was quenched with 0.6% hydrogen peroxide in TBS for 

5 minutes.

4) Secondary antibody and streptavidin-biotin complex steps were replaced with a combined 

one-step Envision kit (DAKO).

For some cervical smears, a rapid immunocytochemical staining technique was employed 

in a manner that may be amenable to the future automation of this process, by direct HRP- 

tagging of the primary monoclonal Mcm2 antibody using a Linx HRP Rapid Protein 

conjugation kit (Invitrogen). Slides were incubated with the HRP-tagged primary antibody 

for 30 minutes, stained with diaminobenzidine for 5 minutes and counterstained with a light 

Papanicolaou stain, producing a total slide preparation time of around one hour only.
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2.3.5 Immunofluorescence

This was performed in collaboration with Tony Mills (CRCAVellcome Institute, 

Cambridge) using the following method: 5pm frozen sections were fixed for 5 minutes in 

PBS containing 4% paraformaldehyde and 0.1% glutaraldehyde. The sections were then 

washed in 1 mg/ml sodium borohydride in PBS and permeabilised for 10 minutes in 0.2% 

Triton X-100 and 0.04% SDS in PBS. Following a 30 minute block using 5% BSA in the 

Triton-SDS-PBS solution, the sections were incubated with a primary rabbit polyclonal 

antibody against Mcm5 (1:400) for 2 hours at 37°C.

A direct fluorescein-labelled, secondary goat anti-rabbit antibody (1:100) was applied at 

37°C for 90 minutes, and propidium iodide (1:1000) at 37°C for 30 minutes was used as a 

DNA counterstain. After washing in PBS, the sections were mounted using a fluorescent 

mounting medium and viewed on a Bio-Rad 1024 confocal microscope.

2.3.6 Immunoblotting

Total cell extracts from frozen specimens of normal and tumour tissues were prepared by 

boiling in lysis buffer (section 2.2.3) for 10 minutes. Protein quantitation was performed with 

the Bio-Rad DC Protein Assay kit. A standard protein concentration curve was made using 

known concentrations of bovine serum albumin (BSA) solution and the protein concentration 

of each sample, measured with a spectrophotometer set at 750nm wavelength, was compared 

against the standard curve.

The lysates obtained were separated by 10% SDS-PAGE, with lOOpg of protein loaded per 

well. The proteins were then transferred from the gel onto a nitrocellulose membrane 

(Amersham), using transfer buffer (section 2.2.3) in a semi-dry blotting apparatus set at 20 

volts for 1 hour. The efficacy of protein transfer was checked by visualisation of the protein 

bands using a Ponceau stain (section 2.2.3). The blot was then destained and blocked 

overnight with blocking buffer (section 2.2.3) at 4°C on an orbital shaker.

The following day, the blot was incubated with a primary rabbit polyclonal antibody 

against Mcm5 (1:500) for 90 minutes at room temperature. After washes in blocking buffer, a
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goat anti-rabbit HRP-labelled secondary antibody was applied (1:10,000) for 60 minutes at 

room temperature, and the reaction developed using ECL chemiluminescent substrate.

2.3.7 In situ hybridisation using oligonucleotide probes

2.3.7.1 Titration of digoxigenin-labelled oligonucleotide probes

Oligonucleotide probes were produced (Genosys, Sigma) against selected fragments of the 

human Mcm5 cDNA. The probes were labelled with digoxigenin at the 5' and 3' ends. Four 

probes were produced, with the following sequences:

1. 5’-GGCGATGCTCTTGGAGATGACCTCATAGAC-3'

2. 5’-GGTTGATGTCTCCTCGGCGAGTAAGTCCAT-3'

3. 5’-ACGAAGGGTCCCTCATCACCGAGGCTGTCA-3'

4. 5’-GGTGGTGATCCCAGCCTTGGCGATAGAGAT-3'

Serial dilutions (ranging from 1:10 to 1:100,000) of these oligonucleotide probes in sterile 

diethyl pyrocarbonate (DEPC)-treated water were spotted onto a Hybond N+ membrane 

(Amersham), left to air-dry and then fixed onto the membrane using a UV cross-linker. The 

blot was washed in buffer 1 (section 2.2.4) for 1 minute and buffer 2 (section 2.2.4) for 15 

minutes at room temperature, before incubation with an alkaline phosphatase (AP)-labelled 

rabbit anti-digoxigenin antibody (1:200 dilution in buffer 2) for 30 minutes at 37°C.

After further washes in buffer 1 (2x10 minutes) and buffer 3 (1x15 minutes) at room 

temperature, the blot was incubated with colour change solution (section 2.2.4) for 15 

minutes at room temperature. The staining reaction was stopped by rinsing in Tris-EDTA 

(TE) buffer (section 2.2.4) and the blot was washed in water and left to air-dry. The optimal 

dilution for each probe was determined by direct visualisation of the intensity of the staining 

reaction produced at each dilution on the nitrocellulose blot.

2.3.7.2 ISH protocol

5pm formalin-fixed, paraffin-embedded sections on APES-coated slides were dewaxed in 

xylene and industrial methylated spirits (IMS), and rehydrated in running water and PBS for 

5 minutes each. The slides were placed in 0.02M hydrochloric acid for 10 minutes, washed in 

PBS and permeabilised with 0.01% Triton X-100 in PBS for 3 minutes at room temperature.
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After washing with PBS, the slides were pre-warmed in proteinase K buffer for 10 minutes at 

37°C, before incubation with 0.5mg/ml proteinase K for 10 minutes at 37°C.

The sections were washed with PBS/glycine solution (section 2.2.4) at room temperature, 

rinsed in 20% acetic acid at 4°C for 15 seconds and washed again in PBS. The sections were 

then fixed with 4% paraformaldehyde in PBS for five minutes at room temperature and 

washed in PBS. After dehydration in graded ethanols, the slides were air-dried and the 

hybridisation mix (final probe dilution 1:10, section 2.3.7.1) was applied. Coverslips were 

then applied and the sections heated to 80°C for 10 minutes to keep the probe denatured, 

before hybridisation was allowed to occur in humidified chambers at 30°C overnight.

The following day, the coverslips were removed. Sequential stringency washes (10 

minutes each) were performed with 2xSSC containing 0.1%SDS at 55°C, 5xSSC at 37°C and

O.lxSSC containing 0.04% SDS at 65°C. The slides were then incubated with blocking 

solution (buffer 2) for 30 minutes at room temperature.

After rinsing in buffer 1, the slides were incubated with anti-digoxigenin alkaline 

phosphatase (AP)-labelled antibody (1:50 in buffer 2) for 30 minutes at room temperature. 

Any unbound conjugate was removed by washing in buffers 1 and 3 for 30 minutes each at 

room temperature and the slides were incubated with NBT/BCIP staining solution for 15 

minutes at room temperature. The staining reaction was stopped by washing the slides in 

Tris-EDTA (TE) solution, pH8.0. The slides were then rinsed in PBS and coverslips were 

applied using an aqueous mounting medium (DAKO). Positive controls, using an 

oligonucleotide probe against HPV 2 cDNA on cervical HSIL tissues (provided by Louise 

Bell, Addenbrooke’s Hospital), and negative controls, using no probe, were included.

2.3.8 Immunohistochemistry using double-labelling techniques

2.3.8.1 Enzyme-linked double labelling

Five micron sections of formalin-fixed, paraffin-embedded meningioma tissue were cut 

onto APES-coated slides. The tissue sections were dewaxed in xylene and taken through a 

series of graded ethanols to water. Antigen retrieval and quenching of endogenous 

peroxidase activity were performed as described in section 2.3.2. Sections were then washed 

in TBS and blocked with 10% normal goat serum for 2 hours at room temperature. A primary 

mouse monoclonal antibody against progesterone receptor (PR) and a primary rabbit
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polyclonal antibody against Mcm5 (1:200) were simultaneously applied to each slide and 

incubated overnight at 4°C in humidified chambers.

The PR stain was developed first, using a biotinylated goat anti-mouse secondary antibody 

(1:500 for 2 hour at room temperature) and an alkaline phosphatase (AP)-labelled strepavidin 

biotin complex (SABC) amplification system, with Texas Red as a substrate, The Mcm5 

stain was subsequently developed with a goat anti-rabbit secondary antibody (1:500 for 2 

hours at room temperature) and a horseradish peroxidase (HRP)-labelled SABC 

amplification system, using diaminobenzidine (DAB) as a substrate. The slides were then 

lightly counterstained with Harris’ haematoxylin, dehydrated in ethanols and cleared in 

xylene. Coverslips were applied using DEPEX mounting medium.

For all cases, adjacent tissue sections were stained in the reverse manner, so that each 

primary antibody was developed using both Texas Red and DAB as a substrate. This 

protocol was also used to examine co-localisation of Mcm5 and androgen receptor (AR), 

using a primary mouse monoclonal antibody against AR at a dilution of 1:80.

2.3.8.2 Fluorescent double-labelling

Five micron sections of formalin-fixed, paraffin-embedded meningioma tissue were cut 

onto APES-coated slides. An immunofluorescent technique was used to investigate co

localisation of Mcm5 and PR, using a mouse monoclonal antibody against PR (1:10) and a 

rabbit polyclonal antibody against Mcm5 (1:200). The protocol was performed as described 

in section 2.3.8.1, except for the following points:

1. The Mcm5 stain was developed first, using a direct fluorescein-labelled goat anti-rabbit 

IgG antibody (Vector)

2. The PR stain was developed subsequently, using a goat anti-mouse biotinylated antibody 

(1:500, 2 hours) followed by amplification with a Texas Red-strepavidin system (Vector) 

For all cases, adjacent tissue sections were stained in the reverse manner, so that each

primary antibody was developed using both fluorescein and Texas Red. This protocol was 

also used to examine the co-localisation of Mcm5 and androgen receptor (AR), using a 

primary mouse monoclonal antibody against AR at a dilution of 1:80.
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Chapter 3 

The minichromosome maintenance (MCM) proteins as biological 

markers of dysplasia and neoplasia 

3.1 Introduction

3.1.1 Dysplasia

Dysplasia is defined morphologically as loss of the normal architectural orientation of 

cells in an epithelial tissue, with changes in individual cellular and nuclear shape and size 

(pleomorphism). The nuclei of dysplastic cells are often hyperchromatic with an irregular 

nuclear outline, and there may be presence of mitoses in increased numbers and in an 

abnormal distribution (Cotran et a l, 1999). However, the changes seen in dysplasia are 

always confined to the surface epithelium and do not affect the underlying subepithelial 

cells.

3.1.2 Classification of dysplastic tissues

Dysplasia is often classified into 3 subtypes (mild, moderate and severe dysplasia) 

depending on the severity of the nuclear changes observed and the extent of the 

epithelium involved:

1. Mild dysplasia: Cells show only minor nuclear cytological changes, with nuclear 

pleomorphism and mitoses confined to the lower third of cells in stratified epithelia. 

These changes are only marginally abnormal and may be reversible in many cases if 

the causative stimulus is removed (Lee et al., 1998).

2. Moderate dysplasia: Cells show a larger degree of nuclear pleomorphism, with loss 

of cellular maturation and an increased number of mitoses in the basal half of 

stratified epithelia. The more differentiated, superficial cells of the epithelium remain 

cytologically normal.
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3. Severe dysplasia: Cells show a high degree of nuclear abnormality, with appearance 

of large irregular nuclei and loss of cellular maturation extending throughout the 

entire epithelium. Mitoses are frequently seen at all levels of stratified epithelia and 

may exhibit abnormal forms. When marked dysplastic changes involve the whole 

thickness of the epithelium, the lesion is considered as a preinvasive neoplasm and 

may be termed “carcinoma in situ”.

An alternative two-tier classification system (Bethesda), first proposed in 1989, may 

be used to define dysplastic cells observed in cervical smears and biopsies. This system 

divides premalignant lesions of the cervix into low-grade squamous intraepithélial lesions 

(LSILs), equivalent to koilocytosis and mild dysplasia, and high-grade squamous 

intraepithélial lesions (HSILs), which correspond to moderate and severe dysplasia 

(National Cancer Institute Workshop, 1989). Its advantages include the simplification of 

previous three-tier classification systems and an evaluation of specimen adequacy as an 

integral part of the cytological reporting of cervical smears (Kurman et a i, 1991).

3.1.3 Dysplasia as precursor of neoplasia

Dysplasia is postulated to be an intermediate stage in the progression of normal tissues 

to neoplasia. This has been suggested by evidence that premalignant dysplastic 

conditions, such as cervical SILs, evolve with time into invasive lesions and by the 

frequent presence of adjacent dysplastic and neoplastic lesions in the same histological 

specimen (Mclndoe et al., 1984). However, although it is widely accepted that most 

HSILs of the cervix will eventually progress into invasive carcinoma, about 80% of 

LSILs regress to normal without treatment (Lee et a l, 1998). Moreover, it has not been 

shown with any certainty that an HSIL of the cervix is formed from progression of an 

LSIL. Indeed, it may be possible for an HSIL to arise independently from an area of 

normal cervical epithelium without an intervening LSIL stage.

A similar preinvasive lesion has been reported in the formation of squamous cell 

carcinoma of the skin, with the accumulation of sunlight-induced damage leading to 

Bowen’s disease (carcinoma in situ) before an invasive SCC arises. The presence of a 

premalignant lesion allows the identification of patients at high risk of malignant change 

and may allow curative treatment to be performed before an invasive tumour is formed.
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3.1.4 Neoplasia

Neoplasia is the process by which a “new growth” (neoplasm) is formed in a tissue or 

organ of the body and often involves a complex series of molecular and cellular changes 

that transform a normal cell into a neoplastic cell.

A neoplasm was first defined by the British oncologist Sir Rupert Willis as “an 

abnormal mass of tissue, the growth of which exceeds and is uncoordinated with that of 

normal tissues and persists in the same excessive manner after cessation of the stimuli 

which evoked the change” (Willis, 1952). The current classification of a neoplasm is 

based primarily on its morphological features such as the cell of origin, state of 

differentiation, potential for invasion and metastasis and has led to more accurate 

identification of tumour behaviour and response to treatment.

3.1.5 Classification of neoplastic tissues

Ultimately, neoplasms are divided into benign or malignant depending on their 

potential ability to invade local tissues and metastasise to other sites. In most cases, the 

distinction of a benign from a malignant tumour can be made on morphological criteria, 

since benign tumours lack certain characteristic features which are linked with malignant 

potential:

1. Anaplasia: Cells displaying a complete lack of differentiation, with evidence of 

nuclear pleomorphism and hyperchromatism, are usually regarded as malignant. 

These undifferentiated cells show large number of mitoses, formation of bizarre 

tumour giant cells and loss of normal cellular orientation with regard to adjacent 

normal cells.

2. Rate of growth: In general, the growth rate of tumours correlates with their level of 

differentiation and thus malignant lesions tend to show a higher rate of growth than 

benign tumours. However, other factors affecting the rate of growth include a 

tumour’s blood supply and dependence on hormonal growth factors, and these may 

also influence the behaviour of a specific tumour.
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3. Local invasion: Benign tumours are usually well circumscribed and slow-growing, 

resulting in a well-encapsulated growth that can be removed easily from adjacent 

normal tissues. Most malignant tumours grow in an invasive manner, causing 

progressive infiltration and destruction of the surrounding tissues, and result in 

growths that are difficult to resect surgically.

4. Métastasés: These are tumour implants that are discontinuous with the primary 

tumour and have spread to a distant site in the body. They form the pathognomonic 

feature of a malignant neoplasm since benign tumours do not metastasise. The spread 

of the tumour can occur via blood or lymphatic vessels, or by seeding of tumour cells 

onto body cavities and surfaces.

3.1.6 Cell cycle kinetics in dysplasia and neoplasia

One feature common to most neoplasms is their rapid proliferation rate compared to 

normal tissues. Increased numbers of mitoses in an abnormal distribution are criteria used 

in identifying dysplastic epithelia (Cotran et a l, 1999), suggesting that there is also an 

increased proliferative rate in these lesions. However, the assessment of dysplasia is 

conventionally made on purely morphological grounds and previous attempts to define 

the cell cycle kinetics of dysplastic human tissues have been limited by the biological 

markers available.

The MCM proteins are a family of nuclear proteins that form part of the pre-replication 

complex (PRC) essential for eukaryotic DNA replication. Their presence has recently 

been reported in cells at all stages of the cell cycle, but not in differentiated and quiescent 

cells (Stoeber et a l, 1998). This finding suggests that antibodies against the MCM 

proteins may be used to detect proliferating cells in histological tissue sections and may 

thus have potential utility in the identification of dysplastic and neoplastic cells in clinical 

specimens. As a result, these new markers of cell proliferation may enable a better 

understanding of the biological processes that occur in dysplastic and neoplastic cells by 

allowing their characterisation using functional as well as morphological criteria.
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3.1.7 Aims

The main aims of this study were to:

1) Assess the distribution of MCM and Cdc6 proteins in a range of normal tissues, 

hyperplasias, dysplasias and neoplasms using formalin-fixed, paraffin-embedded and 

fresh frozen material

2) Identify the normal proliferative compartments of a range of epithelial tissues from 

different anatomical sites

3) Evaluate changes in the pattern of MCM protein expression that occur with 

corresponding hyperplastic, dysplastic or neoplastic changes

3.2 Materials and Methods

3.2.1 Antibody preparation

The method for producing polyclonal antibodies against MCM and Cdc6 proteins was 

as described by Romanowski et al., 1996. Using a standard immunisation protocol, 

polyclonal antibodies were raised in rabbits against McmS, Mcm4, Mcm5, Mcm6, Mem? 

and Cdc6 proteins. Mouse monoclonal antibodies against Mcm2/BM28 (Transduction 

Laboratories, USA), PCNA (Novocastra, USA) and Ki67 (Immunotech, France) were 

also used in this study. The tissues stained with these antibodies are detailed in Table 3.1.

3.2.2 Clinical Specimens

A total of 210 frozen and formalin-fixed, paraffin-embedded human tissues (Table 3.2) 

were obtained from diagnostic biopsy or resection specimens from patients at 

Addenbrooke’s Hospital NHS Trust, Cambridge, UK. The tissue was used in accordance 

with ethical guidelines approved by the Local Research Ethics Committee. Samples from 

fresh resection specimens were snap-frozen in liquid nitrogen and stored at -70°C in 

cryovials.
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Table 3.1 Antibodies and tissues studied

Tissue Antibody

Mcm2

(BM28)

McmS Mcm7 Cdc6 PCNA Ki67

Cervix* + + + + + +

Skin + + - - + +

Larynx + + - - + +

Oesophagus + + - - + +

Bladder + + - + + +

Colon + + - - + +

Lung + 4- - - + +

Stomach + + - - + +

Prostate + + - - + +

Ovary + + + - + +

Endometrium + + + - + +

Kidney + + - + + +

* Cervix was also stained for Mcm3,4,6

3.2.3 Immunohistochemical staining of paraffin-embedded tissues

A standard protocol for the immunohistochemical staining of formalin-fixed paraffin- 

embedded tissues was performed as described in section 2.3.2. The following 

concentrations of antibodies were found to produce optimal staining on the tissues 

examined; Mcm2 (BM28) 1:100, Mcm3 1:200, Mcm4 1:200, Mcm5 1:400, Mcm6 1:200, 

Mcm7 1:200, Cdc6 1:200, PCNA 1:750, Ki67 1:100. Appropriate negative controls were 

performed in all cases by omitting the primary antibody, substituting with rabbit pre- 

immune serum or incubating with an irrelevant isotype-matched primary antibody. Serial 

sections of each specimen were stained for expression of MCM proteins, Cdc6, PCNA 

and Ki67 to provide comparative data.
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Table 3.2 Number of cases studied for MCM expression

Tissue Condition Total Tissue Condition Total

Cervix Normal 13 Colon Normal 11
LSIL 8 Adenoma 6
HSIL 21 Carcinoma 12
see 6 LN Metastasis 1

Skin Normal 5 Ovary Normal 4
Psoriasis 3 Mucinous
Solar keratosis 1 Cystadenoma 3
Bowen’s disease 5 Mucinous
see 13 Cystadenocarcinoma 4

Larynx Normal 4 Stomach Normal 4
see 8 Carcinoma 4

Oesophagus Normal 3 Endometrium Normal 4
see 3 Carcinoma 4

Bladder Normal/reactive 4 Lung Normal 4
Noninvasive TCC 3 see 3
Invasive TCC 23 Small cell carcinoma 1

Lymph Normal/reactive 5 Kidney Normal 4
node Lymphoma 6 Carcinoma 7

A total of 210 cases was studied for expression of MCM proteins and other proliferation 

markers. For each tissue type, specimens ranging from normal / reactive tissues to 

dysplasias and neoplasms were selected for immunohistochemical analysis.

Key to abbreviations:

LN = lymph node

LSIL = low-grade squamous intraepithélial lesion 

HSIL = high-grade squamous intraepithélial lesion 

s e e  = squamous cell carcinoma 

T e e  = transitional cell carcinoma
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3.2.4 Immunohistochemical staining of frozen tissues

A standard protocol for the immunohistochemical staining of frozen sections was 

performed (see section 2.3.3). Primary antibodies were applied at the dilutions described 

in section 3.2.3.

3.2.5 Quantification of peroxidase staining results

An indication of the extent of staining was obtained by calculating a labelling index for 

each protein. Results were expressed as a percentage of positively stained nuclei out of 

the total number of 400 nuclei counted in representative microscopic fields. The median 

and range of the labelling indices were then calculated and the data compared using the 

Wilcoxon rank sum test. The p values determined were two sided and p<0.05 was 

considered to be significant.

3.2.6 Immunoblotting

Immunoblotting was performed using total cell extracts prepared from samples of 

normal and tumour tissues from the colon and bladder, as described in section 2.3.6

3.2.7 Immunofluorescence

A standard protocol for immunofluorescent staining of frozen sections was performed 

as described in section 2.3.5. Normal and tumour tissue pairs were stained and analysed 

under identical conditions. For each tissue section, the nuclear MCM fluorescence signal 

was quantitated as an indicator of MCM protein levels per cell. These levels were 

controlled for nuclear DNA content, as assessed by intensity of propidium iodide staining, 

in order to account for any variations in signal intensity due to the increased ploidy of 

neoplastic cells. This image analysis was performed using the NIH Image computer 

programme (www.rsb.info.nih.gov/nih-image).
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3.2.8 In situ hybridisation

A standard protocol for in situ hybridisation using formalin-fixed, paraffin embedded 

cervical tissue was performed as described in section 2.3.7. Normal cervix and HSIL were 

investigated for expression of Mcm5 mRNA, using a combination of four probes 

produced against various parts of the Mcm5 cDNA (section 2.3.7.1).

3.3 Results

3.3.1 Expression of MCM proteins in normal and hyperplastic/reactive tissues

3.3.1.1 Stratified squamous epithelial tissues (Table 3.3)

In all normal stratified squamous epithelial tissues examined (ectocervix, skin, larynx, 

oesophagus), a similar pattern of immunostaining for the MCM proteins was observed. 

Staining was restricted to the nuclei of basal epithelial cells (over 50% basal layer 

staining), together with some cells in the immediate suprabasal layers. The more 

superficial differentiating cells of each epithelium were negative in all cases (Figure 3.1 A, 

3.2A, 3.4D). Overall Mcm5 protein expression was fairly constant, with around 15% of 

cells showing nuclear staining in all the stratified squamous epithelia examined.

In the cervix, metaplastic squamous cells only showed staining of the basal layer, with 

very occasional staining of inflammatory cells in the cervical stroma. In normal skin, 

epithelial cells in sebaceous glands and the roots of hair bulbs showed nuclear staining, 

but there was no staining of connective tissue elements or inflammatory cells. In the 

epidermal hyperplastic condition psoriasis, Mcm5 protein was expressed in the lower 

three layers of epidermis, although there was no staining in more superficial layers 

(Figure 3. IB).

3.3.1.2 Glandular tissues (Table 3.4)

There was nuclear staining of 70% of cells in the lower third of colonic crypts for 

Mcm2 and Mcm5, but under 5% expression in the upper third, resulting in around 50% 

positive staining of crypt cells overall. No staining was seen in the connective tissue or 

mononuclear cell components of the normal mucosa (Figure 3.3 A). In the stomach, nuclei 

expressing Mcm2 and Mcm5 were also seen predominantly in the lower third of gastric
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glands, with staining of less than 5% of nuclei in the more superficial portions. 

Approximately 25% of gastric glandular cells stained overall.

Normal endometrium showed variable immunostaining with Mcm5 depending on the 

stage of the menstrual cycle. 24% of glandular epithelial cells expressed Mcm5 in 

secretory phase endometrium and 65% in proliferative phase (Figure 3.5C).

In normal lung parenchyma, around 15% of alveolar pneumocytes were positive for 

Mcm5 and 10% for Mcm2. Inflammatory cells and septal blood vessels were negative 

(Figure 3.4A), although bronchial respiratory epithelium showed parabasal staining for 

Mcm5, with about 25% of nuclei staining overall.

Interestingly, in small epithelial inclusions noted in four cases of normal ovary, over 

80% of cells were positive for Mcm5. The surrounding ovarian stroma was negative 

(Figure 3.5G). It was not possible to ascertain the stage of the menstrual cycle at the time 

of surgery in the patients from whom these specimens were obtained.

Normal kidney showed around 2% positive staining in renal tubules, but no expression 

in inflammatory or stromal cells (Figure 3.5B). In prostate only around 10%-15% of 

normal glandular epithelial cells, including some myoepithelial cells, were positive for 

Mcm2 and Mcm5 (Figure 3.5A).

3.3.1.3 Bladder (Table 3.4)

Sections of normal transitional epithelium showed staining predominantly of basal 

cells, around 20% of which showed nuclear expression of Mcm2 and Mcm5. Up to 5% of 

cells in the superficial two layers, including occasional umbrella cells, were also positive 

with these markers (Figure 3.3D). In five cases of acute cystitis a similar pattern of 

staining was seen, with no increase in the frequency of stained cells.
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Table 3.3 MCM labelling indices for stratified squamous epithelia

Tissue Diagnosis McmS 
median (range)

Mcm2 
Median (range)

Cervix Normal n=3 14% ( \ 2 - \ l f 17% (15-19)^
LSIL n=2 52% (48-57) 44% (37-52)
HSIL n=7 98% (95-100) 97% (90-100)
SCC n=6 95% (90-98) 94% (93-97)

Skin Normal n=3 17% (14-22)“ 19% (12-28)^
Psoriasis n=3 21% (15-25) 30% (22-37)
Bowen’s Disease n=5 90% (78-98) 89% (86-96)
SCC n=7 85% (73-95) 79% (70-95)

Larynx Normal n=4 19% (7-22) 16% (15-20)^
SCC n=8 90% (57-95) 70% (59-100)

Oesophagus Normal n=3 17% (10-20)“ 14% (7-31)^
SCC n=3 97% (90-98) 90% (88-95)

Lung Normal n=4 15% (4-17) 10% (8-12)
SCC n=3 94% (78-96)® 90% (89-95)

This table shows the median labelling indices (LI) for stratified squamous epithelia, 

when stained for Mcm2 and Mcm5. Ranges are given in brackets. There is striking 

similarity for labelling indices in normal tissues, with significantly higher labelling 

indices for dysplastic / neoplastic tissues.

^ Normal cervix vs. HSIL: p<0.05 for Mcm2 and Mcm5 

Normal cervix vs. SCC: p<0.05 for Mcm2 and Mcm5 

® Normal skin vs. psoriasis: p values not significant

Normal skin vs. Bowen’s disease: p<0.05 for Mcm2 and Mcm5 

Normal skin vs. SCC: p<0.05 for Mcm2 and Mcm5 

Normal larynx vs. SCC: p<0.01 for Mcm5, p<0.05 for Mcm2 

Normal oesophagus vs. SCC: p values not significant

One additional case of small cell carcinoma of the lung was found to have over 90% 

positive immunostaining with Mcm2 and Mcm5 antibodies (Figure 3.4C)
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Table 3.4 MCM labelling indices for other tissues

Tissue Diagnosis McmS 
median (range)

Mcm2 
Median (range)

Stomach Normal
Carcinoma

n=4
n=2

30% (7-31) 
96% (93-98)

28% (25-41) 
Not done

Prostate Normal
Carcinoma

n=2
n=3

11% (8-14) 
38% (31-53)

16% (14-17) 
39% (31-59)

Kidney Normal
Carcinoma

n=4
n=6

2% (1-5)"" 
73% (60-84)

2% (1-3)^ 
77% (60-86)

Bladder Normal
Noninvasive TCC 
Invasive TCC

n=2
n=2

n=15

17% (17-18)^ 
62% (40-85) 
70% (38-96)

20% (15-25)^ 
80% (77-82) 
87% (32-97)

Colon Normal
Adenoma
Carcinoma

n=4
n=6
n=6

43% (40-53)^ 
91% (80-96) 
84% (80-95)

62% (43-70)^ 
95% (80-100) 
90% (75-95)

This table shows the median labelling indices (LI) for glandular tissues when stained 

for Mcm2 and Mcm5. Ranges are given in brackets. Significantly higher labelling indices 

are seen for dysplastic / neoplastic tissues.

^ There were insufficient endometrial and ovarian cases for statistical analysis 

® Normal kidney tubules vs. Renal cell carcinoma: p<0.05 for Mcm2 and Mcm5 

^ Normal bladder vs. invasive TCC: p<0.05 for Mcm2 and Mcm5 

^ Normal colon vs. Adenoma: p<0.05 for Mcm2 and Mcm5 

Adenoma vs. Carcinoma: p values not significant 

Normal colon vs. Carcinoma: p<0.05 for Mcm2 and Mcm5
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FIGURE 3.1 Expression of MCM proteins, PGNA and Ki67 in skin
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A. Normal skin shows Mcm5 expression restricted to the nuclei o f  basai and parabasal cells (xlOO m agnification)
B. Psoriasis, a hyperplastic skin condition, displays mild expansion o f  the epithelial com ponents expressing Mcm5 

(xlOO m agnification)
C. Solar keratosis with m oderate dysplasia expresses Mcm5 in over 50%  o f nuclei, predom inantly in the lower h a lf 

o f the epithelium  (xlOO magnification)
D. Bowen's disease {in-situ carcinom a) shows McmS expression in over 90%  o f  nuclei, extending throughout the full 

thickness o f  the epithelium  (xlOO magnification)
E. M oderately differentiated SCC shows strong nuclear staining with McmS (xlOO m agnification)
F. M oderately differentiated SCC shows strong nuclear staining with M cm2 (xlOO m agnification)
G .-l. M oderately differentiated SCC shows expression o f  Mcm2 in over 90%  o f  nuclei (G), com pared to less than 70% 

positivity in serial sections stained for PCNA (FI) and Ki67 (1) (each xlOO m agnification)
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FIGURE 3.2 Expression of MCM and Cdc6 proteins in cervix
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A. Normal cervix shows Mcm5 expression confined to the nuclei o f  basal squam ous epithelial cells, with lack o f  
expression in superficial differentiating cells (xlOO magnification)

B. HSIL show s Mcm5 expression in over 95%  o f  cells, extending to surface dysplastic cells (xlOO m agnification)
C. Squam ous cell carcinom a (SC C ) expresses McmS in over 90%  o f  cells (xlOO m agnification)
D. LSIL show s predom inant Cdc6 expression in the lower third o f  the epithelium , with expression in up to 40%  o f

surface nuclei (x200 m agnification)
E. SCC show s strong nuclear staining with antibodies against Mcm2 (xlOO magnification)
F. SCC shows strong nuclear staining with antibodies against M em? (xlOO m agnification)
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FIGURE 3.3 Expression of Mcm5 in colon and bladder
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A. Normal colonie crypts express Mcm5 only in the lower third o f their length (xlOO m agnification)
B. M oderately dysplastic tubulovillous adenom a o f  the colon displaying a much greater percentage o f  crypt 

cells expressing M em 5 (xlOO m agnification)
C. M oderately differentiated adenocarcinom a o f  colon, shows sim ilar increase in the frequency o f  crypt cells 

expressing M cm5 (xlOO m agnification)
I). Normal transitional cell epithelium  o f  bladder shows predom inantly basal Mcm5 expression (xlOO m agnification)
E. M oderately differentiated non-invasive transitional cell carcinom a (TC C ) o f  bladder displays around 50% 

nuclear staining with anti-M cm 5 antibodies, predom inantly in the lower h a lf o f  the epithelium  (xlOO m agnification)
F. M oderately differentiated invasive TCC o f  bladder, show ing Mcm5 expression in over 70%  o f  cells (xlOO m agnification
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FIGURE 3.4 Expression of Mcm5 in lung and oesophagus
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A. Normal lung parenchym a shows McmS expression in around 15% o f  alveolar pneum ocytes (x50 m agnification)
B. Squam ous cell carcinom a (SC C ) o f  lung with severely dysplastic overlying epithelium  show ing Mcm5 expression 

in around 90%  o f  cells in each com ponent (xlOO magnification)
C. Sm all cell carcinom a o f  lung show s expression o f  Mcm5 in 90%  o f  nuclei (xlOO m agnification)
D. N orm al oesophagus, show ing only basal expression o f  Mcm5 (x50 m agnification)
E. SCC o f  oesophagus shows expression o f  Mcm5 in over 95%  o f  malignant cells, with negative inflam m atory cells 

(xlOO m agnification)
F. M etastatic SCC o f  oesophagus in cervical lymph node shows positive nuclear staining with Mcm5 antibodies 

(xlOO m agnification)
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FIGURE 3.5 Expression of Mcm5 in prostate, kidney, ovary and endometrium
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A. N orm al prostate expresses Mcm5 in 10% o f  epithelial and m yoepithelial cells (xlOO m agnification)
B. Normal kidney, in which only an occasional nucleus expresses Mcm5 (xlOO m agnification)
C. N orm al proliferative phase endom etrium  displays Mcm5 expression in about 70% o f  gland nuclei (x50 m agnification) 
1). A denocarcinom a o f  prostate (G leason grade 3+3 ) with 40%  o f  cells show ing nuclear expression o f  Mcm5

(xlOO m agnification)
E. Renal cell carcinom a. G rade 2, expresses Mcm5 in about 70% o f cells (xlOO m agnification)
F. M oderately ditferentiated endom etrial adenocarcinom a expresses McmS in over 75% o f  nuclei (xlOO m agnification)
G. Normal ovarian epithelial inclusions express McmS in over 80% o f  cells (xlOO m agnification)
H. B orderline mucinous tum our o f  ovary, with over 70% o f  cells stained with McmS antibodies (xlOO m agnification)
I. M ucinous cystadenocarcinom a o f  ovary with 9S% o f cells expressing McmS (xlOO magnification)
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3.3.2 Expression of MCM proteins in dysplastic lesions

3.3.2.1 Cervical squamous intraepithélial lesions (SIL) (Table 3.3)

With Mcm2, Mcm5 and Cdc6, positively stained nuclei were present above the basal 

layer in all SILs examined. The percentage of positive nuclei in the superficial five layers 

of the lesion correlated well with the degree of dysplasia. Around 50% of cells in the 

most superficial layers of LSILs (Figure 3.2D) were positive for Mcm5 and Cdc6, with 

over 90% nuclear staining in superficial cells in HSILs (Figure 3.2B). Indeed, HSILs 

showed over 90% overall immunostaining for Mcm2, McmS, Mcm7 and Cdc6.

3.3.2.2 Dysplasias of the skin (Table 3.3)

The cutaneous squamous dysplastic lesions examined were solar keratosis and 

Bowen’s disease. In solar keratosis, overall nuclear staining for McmS was 68%, with 

positive staining of 40% of cells in the most superficial five layers (Figure 3.1C). In 

Bowen’s disease, there was 90% nuclear staining for McmS throughout the epithelium 

(Figure 3. ID).

3.3.2.3 Dysplastic tubulovillous adenomas of the colon (Table 3.4)

Nuclear staining for McmS was seen in over 8S% of cells for all grades of colonic 

dysplasia (Figure 3.3B). The median frequencies of positive staining were 88% for mild 

dysplasias, 94% for moderate dysplasias and 88% for severe dysplasias.

3.3.2.4 Noninvasive transitional cell carcinomas of the bladder (pTa TCC) (Table 3.4)

A case of well-differentiated (Grade 1) noninvasive TCC showed expression of McmS 

in 40% of cells, with staining confined to the lower half of the epithelium (Figure 3.3E). 

In a poorly differentiated (Grade 3) noninvasive TCC, 8S% of cells were positive with 

antibodies against McmS, with positive cells seen at all levels of the epithelium.
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3.3.3 Expression of MCM proteins in malignant neoplasms

Parallel tissue sections of malignant neoplasms were stained for expression of pre- 

replicative complex proteins, PCNA and Ki67. In almost all cases, the labelling indices 

for Mcm2 and Mcm5 were greater than the labelling indices calculated for PCNA and 

Ki67 (Table 3.5, Figures 3.1G-I). Moreover, there was much less variability in the 

labelling indices for the MCM proteins than for PCNA and Ki67, which showed 

considerable variation between cases for all neoplasms examined (Table 3.5).

3.3.3.1 Squamous cell carcinomas (SCC) (Table 3.3)

In all SCC examined (skin, cervix, lung, oesophagus), there was nuclear staining with 

antibodies against Mcm2 and Mcm5 in over 70% and 85% respectively of malignant cells 

(skin Figure 3.IE, 3.IF; cervix Figure 3.2C, 3.2E, 3.2F; lung Figure 3.4B; oesophagus 

Figure 3.4E, 3.4F). In general, moderately and poorly differentiated SCC contained a 

similar frequency of cells expressing Mcm2 and Mcm5, with well-differentiated SCC 

displaying a lower percentage of positive cells (Table 3.5). In well-differentiated SCC of 

the skin, there were unstained foci of differentiating cells adjacent to keratin pearls.

3.3.3.2 Invasive transitional cell carcinomas of the bladder (Table 3.4)

The percentage of positive nuclear staining with Mcm2, Mcm5 and Cdc6 correlated 

with the degree of differentiation of the tumour, ranging from around 40% of total cells in 

Grade 1 lesions to 95% of total cells in Grade 3 lesions. This was also reflected in the 

staining of the superficial five layers of the tumours, in which there was staining of 

around 40% of cells in Grade 1 tumours and staining of over 80% of cells in Grade 2- 3 

tumours (Figure 3.3F).

3.3.3.3 Adenocarcinomas (Table 3.4)

a) Colon

The majority of neoplastic cells were positive for Mcm5, with a frequency of 

expression ranging from 70-95% in total. There was a general increase in the frequency 

of nuclear staining with less differentiated tumours, with 70% of cells showing expression 

of Mcm5 in well-differentiated adenocarcinomas, 85% in moderately differentiated
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adenocarcinomas (Figure 3.3C) and around 90% in poorly differentiated 

adenocarcinomas.

h) Endometrium

Two moderately differentiated endometrial adenocarcinomas showed 59% and 79% 

positive staining with Mcm5 (Figure 3.5F). A poorly differentiated adenosquamous 

carcinoma expressed Mcm2 and McmS in over 90% of nuclei.

c) Ovary

The percentage of positive staining for McmS in borderline mucinous tumours was 

around 70% (Figure 3.SH) and in mucinous cystadenocarcinomas (Figure 3.SI) was 

around 90%. In contrast, benign mucinous cystadenomas showed expression of Mcm2 in 

only 17-26% of nuclei and expression of McmS in only 20-40%. Serous 

cystadenocarcinomas showed over 80% positive staining with McmS.

d) Kidney

All six renal cell carcinomas examined were moderately differentiated (Grade II). All 

showed immunostaining of around 70% of nuclei for Mcm2 and McmS, with ranges of 

60-86% and 60-84% respectively. These cases included clear cell and granular cell 

variants (Figure 3.SE).

e) Prostate

In three cases of prostatic adenocarcinoma, around 40% of nuclei showed positive 

staining with Mcm2 and McmS (Figure 3.SD). There was a correlation between increased 

frequency of nuclear staining and tumour grade. Cases with combined Gleason grades of

6,7 and 8 showed expression of McmS in 31%, 38% and S3% of nuclei respectively. 

Mcm2 protein showed a similar correlation with tumour grade, with expression in 31%, 

41% and S9% of cells in serial sections of the same cases.
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Table 3.5 Variations in labelling indices according to grade of carcinoma

Tissue
(Carcinoma)

Grade of carcinoma McmS PCNA Ki67

Skin
Well differentiated

(n=4)
69% (42-85) 60% (20-75) 45% (10-73)

(SCC) Moderately differentiated 
(n=6)

78% (70-95) 70% (50-90) 60% (31-70)

Poorly differentiated 
(n=3)

80% (75-95) 71% (70-90) 65% (50-71)

Bladder
Well differentiated 

(n=2)
38% (37-38) 26% (17-34) 12% (7-17)

(TCC) Moderately differentiated 
(n=7)

70% (52-94) 35% (10-77) 52% (8-59)

Poorly differentiated
(n=5)

76% (65-96) 79% (37-85) 71% (41-78)

Colon
Well differentiated

(n=2)
70% (67-73) 61% (41-80) 53% (38-68)

(Adenocarcinoma) Moderately differentiated 
(n=7)

85% (80-95) 82% (52-92) 75% (19-80)

Poorly differentiated 
(n=3)

90% (80-93) 74% (70-78) 55% (41-79)

Figures are given as median labelling indices, with ranges in brackets, n is the number 

of cases examined in each category. There is a gradual increase in Mcm5 labelling indices 

with loss of differentiation for each carcinoma. PCNA and Ki67 produce similar trends, 

but fewer cells stain with these antibodies than with antibodies against Mcm5.
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3.3.4 Levels of Mcm5 protein in normal and dysplastic/neoplastic tissues

On immunoblotting, a quantitative difference was observed in the total Mcm5 content 

of neoplastic tissues compared to their normal counterparts (Figure 3.6). A strong signal 

was seen for samples of moderately differentiated colonic adenocarcinoma and Grade 2 

invasive bladder TCC, with no detectable signal for the equivalent normal tissues.

The percentage of nuclei in sections of cervix and colon staining positively by 

immunofluorescence was similar to that seen by immunoperoxidase (Figure 3.7). Using 

direct measurements of fluorescence intensity as an indicator of Mcm5 protein levels in 

individual cells, overlapping ranges were observed for squamous epithelial cells of 

normal cervix and HSIL (Figure 3.8A). When controlled for nuclear DNA content, as 

indicated by propidium iodide intensity, again no significant difference was observed in 

the amount of Mcm5 between normal and dysplastic/neoplastic cells from cervix, breast 

and colon (Figure 3.SB).

3.3.5 Expression of McmS mRNA in normal and dysplastic cervix

The results from the in situ hybridisation experiments performed on normal cervix and 

HSIL confirmed the results obtained with antibodies against Mcm5 protein. Expression of 

Mcm5 mRNA was seen in the basal and parabasal layers of normal cervix, but not in the 

more superficial, differentiated cells of the cervical epithelium. In contrast, Mcm5 mRNA 

was present throughout the dysplastic epithelium of HSIL, including cells at the surface 

of the lesion (Figure 3.9). This increased frequency of expression of Mcm5 mRNA in 

dysplastic cervical epithelium appears to reflect the increased expression of Mcm2 and 

Mcm5 protein seen in dysplastic and neoplastic cells.
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FIGURE 3.6 E^qyression of McmS detected by immunoblot
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Im m unoblo tting  data show s that M cm 5 protein is detectable in total cell ex tracts prepared  from  carc inom as but not 
those prepared  from  equivalent norm al tissues

Lane 1 : N orm al colon
Lane 2: M oderately  d ifferentiated  adenocarcinom a o f  colon
Lane 3: N orm al b ladder
Lane 4: G rade 2 invasive TC C  o f  b ladder
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FIGURE 3.7 Expression of McmS detected by fluorescence
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A. N orm al cerv ix  in w hich M cm 5 stain ing  by im m unofluorescence (g reen /yellow ) is seen in nuclei o f  the  basal 
layer only. N uclei o f  cells not expressing  M cm 5 are countersta ined  w ith prop id ium  iodide (red)

B. N orm al colon show s strong expression o f  M cm 5 in the low er th ird  o f  g lands
C. N orm al b reast duct w ith strong M cm 5 fluorescent signal in occasional cells 
I). H SIL show s full th ickness expression o f  M cm 5
E. M oderately  d ifferentiated  adenocarcinom a o f  colon show s frequent expression  o f  M cm 5
F. G rade 2 invasive ductal carcinom a o f  b reast show ing nuclear expression  o f  M cm 5, w ith no signal in strom al tissues
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FIGURE 3.9 Expression of McmS mRNA in normal cervix and HSIL 

Normal cervix

HSIL
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A-C
ISH for M cm 5 m R N A  in norm al cervix  (A , x i 00 m agnification; B, x200  m agnification) show s expression  
restricted to the basal layer o f  epithelium  (C , x400 m agnification).
D
N egative contro l (no probe)applled  to norm al cervix (x200 m agnification)
E-H
ISH for M cm 5 m R N A  in H SIL (E , xlOO m agnification; F, x200 m agnification) show s expression th roughout 
the epithelium  (G , x400 m agnification), including the surface layers (H , x400 m agnification).
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3.4 Discussion

The MCM and Cdc6 proteins are important regulators in the process of eukaryotic 

DNA replication. In vitro studies have shown that these proteins are detectable 

throughout the proliferative phases of the cell cycle but are lost in differentiation and 

quiescence (Williams et a l, 1998; Stoeber et a l, 1998), making them specific indicators 

of cell proliferation.

One marked advantage of MCM and Cdc6 proteins over other proliferation markers is 

the fact that their presence throughout the cell cycle has been well characterised. The pre- 

replicative complex is essential for the initiation of DNA replication and represents the 

point of convergence of numerous signalling pathways involved in cell growth. The 

MCM and Cdc 6 proteins are therefore better markers of cells in cycle than other 

candidates such as growth factor receptors or signal transduction molecules, the functions 

of which are inherently redundant. Moreover, antibodies against MCM and Cdc 6 

proteins do not detect cells undergoing DNA repair, which is a feature of the existing 

‘proliferation’ marker PCNA. The proteins of the pre-replicative complex are readily 

accessible in frozen tissues and cytological preparations (Williams et a l, 1998), such that 

antigen retrieval methods are not necessary for their detection. The antibodies used in this 

study have the additional benefit that they are able to localise MCM and Cdc 6 proteins in 

formalin-fixed, paraffin-embedded tissues.

This study examines MCM protein expression in a wide range of tissue systems 

including skin, lung, colon and bladder. It was consistently observed that antibodies 

against MCM proteins identify a greater number of cells in cycle than do antibodies 

against PCNA and Ki67. Moreover antibodies against MCM proteins are able to detect 

proliferating cells in paraffin and frozen tissues, unlike antibodies against PCNA, which 

only reliably label cells in paraffin tissues and require antigen retrieval for optimal 

staining.

Although only a small range of tissues could be examined for the expression of Cdc6 

and Mcm7 proteins, as only limited amounts of rabbit polyclonal antibodies against these 

molecules were available, the evidence obtained suggests that Cdc6 and Mcm7 are as 

reliable in identifying proliferating cells as Mcm5 and Mcm2. Indeed, no significant 

difference was observed in the expression patterns of any of the pre-replication proteins 

examined in this study, with all antibodies used producing essentially similar results.
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Immunohistochemical detection of MCM protein expression in normal tissues shows 

that these molecules are restricted to the basal and parabasal compartments of stratified 

epithelia. Loss of MCM proteins and Cdc 6 occurs in differentiating cells that have lost 

the ability to proliferate. In all of the stratified squamous epithelia examined there was 

around 15% overall nuclear staining with Mcm2, Mcm5 and PCNA, suggesting that there 

is close regulation of the proliferative components of these normal epithelia. Similar 

findings regarding normal proliferative compartments have also been made by others in 

studies of the expression of PCNA (Demeter et al., 1994), Ki67 (Isacson et al., 1996) 

Mcm2 (Todorov et al., 1998) and Mcm7 (Hiraiwa et al., 1997) in a range of tissues.

In this study, normal transitional epithelium of the bladder differed in that occasional 

surface cells showing nuclear staining for Mcm2 and Mcm5 were seen, although these 

accounted for 5% or less of the total surface urothelial cells. This observation may be 

related to the fact that transitional epithelium contains relatively few layers of cells. As a 

result of this, cells may transit through the epithelium in a relatively short period of time 

and reach the epithelial surface before the loss of MCM proteins associated with cell 

differentiation can occur.

The findings in colon and endometrium confirm those made by others with markers 

such as PCNA (Hall et al., 1990; Yu et al., 1993). In normal colon, expression of Mcm2 

and Mcm5 occurs in the lower half of colonic crypts, with loss of these proteins from 

differentiated cells in the upper portion of the crypts. A cyclical change occurs in the 

endometrium, with the percentage of stained cells varying with the menstrual cycle, 

resulting in a lower frequency of Mcm2 and Mcm5 expression in the secretory phase.

The observation that epithelial inclusion cysts of the ovary show a high frequency of 

expression of MCM proteins is interesting. These inclusions are thought to represent 

invaginations of the ovarian surface epithelium, and are usually lined by a single layer of 

epithelial cells. It has been suggested that the majority of epithelial neoplasms of the 

ovary are likely to originate from these inclusions, rather than from the ovarian surface 

epithelium (Blaustein et al., 1982). Indeed, ovarian carcinoma antigens are expressed far 

more frequently in inclusion cyst epithelium than in surface epithelium (Scully, 1995). 

The presence of a high frequency of expression of MCM proteins in these inclusions is 

intriguing and raises the possibility that a high level of proliferative activity may 

contribute to the development of neoplasia in such cells.
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Altered localisation of MCM proteins occurs in dysplastic epithelia. All grades of 

dysplasia show staining for Mcm2 and Mcm5 in over 90% of basal cells. In addition, 

there is a strong correlation between the number of nuclei positive for Mcm2 and Mcm5 

at the surface of dysplastic epithelia and the severity of the dysplasia. Only 40% of 

surface epithelial cells express MCM proteins in mild dysplasia, compared to over 80% in 

severe dysplasia. This observation applies to most stratified epithelia studied, including 

those of the skin, bladder and cervix.

Although studies of histological sections inevitably provide only ‘static’ 

representations of dynamic cellular processes, in vitro studies of MCM proteins have 

shown that these proteins are present throughout the cell cycle, but not in quiescent or 

differentiated cells (Stoeber et a/., 1998). Thus, in all 47 cases of epithelial dysplasia 

examined, the finding that over 80% of cells in high grade dysplasias, and 90% of basal 

cells in all grades of dysplasia, express MCM proteins indicates that the majority of 

dysplastic cells are in cycle at any given time point. These observations suggest that 

dysplastic cells may be characterised in functional terms as remaining in cell cycle, due to 

deregulation of normal controls over cell proliferation.

Interestingly, it has recently been shown that Mem? interacts with the E6 protein of 

human papillomavirus type 18 and is also a substrate of the E6-AP/E3 ubiquitin ligase 

(Kuhne and Banks, 1998). The functional significance of such interactions in dysplastic 

epithelia remains uncertain. However, it may be speculated that bypass of normal 

pathways of ubiquitination within a cell by viral or cellular oncogenes may contribute to 

stabilisation of proteins such as the MCMs within dysplastic and neoplastic cells.

It can be hypothesised that detection of pre-replication proteins might enable the 

identification of dysplastic cells in clinical settings. The proteins may be of value, for 

example, in the distinction of dysplastic cells from those showing reactive changes, which 

can often be a very difficult exercise using morphological criteria alone. The current data 

in bladder, skin and cervix suggests that pre-replication proteins show more restricted 

expression patterns in reactive/hyperplastic conditions than in dysplasia. Nevertheless, 

further work is required to rigorously test the potential clinical utility of the pre

replication proteins, by examining their expression in a larger range of reactive 

conditions.

A difference was also observed in the staining pattern of well differentiated, 

moderately differentiated and poorly differentiated carcinomas, with a reduction in the 

number of positively staining nuclei in better differentiated tumours (Table 3.5). This was
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seen most clearly in well-differentiated SCC of the skin, where foci of unstained cells 

lacking expression of Mcm2 and Mcm5 proteins were identified in differentiated areas 

adjacent to keratin pearls. This observation is consistent with previous findings in normal 

tissues and cell lines (Williams et a l, 1998; Stoeber et al., 1998) that there is gradual loss 

of MCM proteins in cells undergoing differentiation. These results also agree with data 

from other groups showing an increase in the frequency of PCNA staining in less well 

differentiated TCCs of the bladder (Hattori et a l, 1995). However, the role of members of 

the pre-replicative complex in the process of differentiation in epithelial cells has not 

been addressed experimentally and the functional significance of these observations in 

carcinomas and normal epithelia currently remains unclear.

Results from the immunoblotting experiments show that there is a quantitative 

difference in the level of Mcm5 protein between neoplastic and normal tissues. High 

levels of Mcm5 were observed in carcinomas of bladder and colon, although there was no 

detectable protein in the equivalent normal tissues (Figure 3.6). The immunofluorescence 

data further suggest that the overall increase in the level of MCM proteins in neoplastic 

tissues is not due to overexpression of protein in individual cells. Instead the increase can 

be attributed to a greater number of cells showing normal levels of expression. In 

particular, frozen sections stained by immunofluorescence show patterns of staining 

similar to those observed using immunoperoxidase (Figures 3.7, 3.8) and may enable 

automated detection of MCM and Cdc6 proteins for future clinical applications.
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3.5 Conclusion

This study has utilised antibodies against proteins involved in regulation of DNA 

replication to define the proliferative compartment of normal tissues, and to show that the 

majority of dysplastic and neoplastic cells are in cell cycle. The data argue that dysplastic 

cells can be defined by functional as well as morphological criteria. The presence of pre- 

replicative complex proteins in nuclei of dysplastic cells is consistent with the notion that 

these cells remain in cycle, as a result of deregulation of normal controls over cell 

proliferation. The potential applications of antibodies against the MCM proteins include 

the identification and/or diagnosis of dysplastic and neoplastic conditions, assessment of 

prognosis in tissue sections and cytological or biochemical analysis of cells shed into 

body fluids.
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Chapter 4

Improved identification of dysplastic and malignant cells in 
cytological preparations using antibodies against the 
minichromosome maintenance (MCM) proteins

4.1 Introduction

4.1.1 Use of diagnostic cytology

A significant number of malignancies can now be diagnosed cytologically using 

exfoliated cells or preparations derived from body fluids. Adequate samples can be 

obtained from a wide range of anatomical sites, often requiring less invasive procedures 

than those needed for tissue biopsy. Indeed, cytological diagnosis is widely practised in 

the cervical screening programme and has been shown to be one of the most cost- 

effective cancer prevention interventions available (Melamed et al., 1998). However, 

accurate morphological identification of dysplastic and neoplastic cells in cytological 

preparations and their distinction from normal cell populations, particularly those 

showing reactive changes, is a common cause of difficulty in diagnostic cytopathology 

(Linari et a l, 1989, Berena et a l, 1993). This has led to continuing efforts to increase the 

sensitivity and specificity of cytological diagnosis, and immunocytochemistry has proven 

to be of value in this regard (Li et a l, 1989; Chen et a l, 1998).

4.1.2 Introduction of immunocytochemical techniques

The use of labelled antibodies for the visualisation of specific substances in tissues was 

first introduced about 50 years ago, but it was only after advances in enzyme-conjugated 

antibodies that immunohistochemical techniques were accepted as practical tools in 

diagnostic pathology (Nakane et a l, 1966). These techniques were initially applied just to
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tissue sections, and their use in cytological preparations was only advocated in the late 

1970s (Nadji, 1980). Immunocytochemical staining is now widely accepted as a valuable 

aid to the identification and diagnosis of neoplasia in cytological specimens. All of the 

most common cytological specimens received in the pathology laboratory, including 

exfoliated samples, body cavity fluids and fine needle aspirates are suitable for 

immunocytochemistry.

4.1.3 Diagnostic applications of immunocytochemistry

In recent years diagnostic immunocytochemistry has become an important part of the 

work of the pathology laboratory (Tubbs et al., 1986). Many authors have suggested that 

a panel of immunocytochemical markers may be a useful adjunct in the routine diagnostic 

assessment of up to 75% of cytological specimens (Walts et at., 1994; Ruitenbeek et al., 

1994; Shield gta/., 1996).

The use of immunological markers is particularly helpful in the identification of the 

cell of origin of tumours lacking specific morphological features. Indeed, the markers 

currently in practice may enable the distinction between tumour cells of different types, 

such as the use of epithelial surface antigens (AUAl, EMA, Ber EP4 and cytokeratins) in 

the distinction of adenocarcinoma from malignant mesothelioma (Wicks et al., 1990). 

However, currently available markers are of much less use in enabling neoplastic cells to 

be discriminated from reactive or degenerative cell populations with similar 

morphological features, as there is frequently a considerable overlap in the expression of 

these markers between neoplastic and non-neoplastic cells (To et a l, 1981; Cibas et a l, 

1987).

4.1.4 Evaluation of immunocytochemical results

The evaluation of an immunocytochemical stain depends on the observer being 

familiar with the characteristic features of a true positive result, as well as with the 

possible causes of false positive or nonspecific staining (Nadji, 1986).

Common sources of false positive staining in cytological specimens include crushed or 

degenerate cells, and staining of inflammatory cells including lymphocytes and
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macrophages. Similarly, large cell clusters in cytological preparations often give the 

impression of positive staining due to reagents becoming trapped in between the cell 

layers.

Negative results can also be misleading and may be due to technical problems with the 

antibody, the staining procedure or may reflect an inherent lack of sensitivity of the 

technique used. These causes can usually be discriminated from true negative results by 

the use of appropriate internal and external controls (Nadji and Ganjei, 1990).

4.1.5 Aims

The main aims of this study were to:

1) Examine the potential utility of antibodies against the minichromosome maintenance 

(MCM) proteins in the distinction of dysplastic and malignant cells from their normal 

and reactive counterparts, in a range of cytological preparations

2) Evaluate the potential utility of this approach in the assessment of cytological 

specimens containing few intact epithelial cells or cases where the cellular 

morphology of the cytological preparation is obscured by the presence of 

inflammatory or degenerate cellular components.

4.2 Materials and Methods

4.2.1 Sample collection

Cytological specimens were collected from Addenbrooke’s Hospital, Hinchingbrooke 

Hospital, Papworth Hospital, University College Hospital and King’s College Hospital, in 

accordance with ethical guidelines approved by Local Research Ethics Committees. The 

specimens received from each collaborating hospital were then given a designated prefix 

code, and patient confidentiality maintained throughout the study.
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4.2.2 Preparation of cytological specimens

4.2.2.1 Cervical smears

Cervical smears obtained from colposcopy outpatient clinics were subjected to a 

blinded clinical trial examining the value of MCM immunostaining in the detection of 

cells of low-grade squamous intraepithélial lesions (LSIL) and high-grade squamous 

intraepithélial lesions (HSIL).

After clinical assessment by a consultant gynaecologist, each patient had a cervical 

smear and/or biopsy performed for diagnostic purposes. A further cervical smear (test 

smear) was also made, after the diagnostic smear and before any diagnostic biopsy, for 

assessment by MCM immunostaining. Each test smear was fixed with a commercial 

cytology fixative spray (Surgipath) and stained for expression of Mcm2 and Mcm5 

proteins, using mouse monoclonal antibodies kindly provided by Dr. Steve Dilworth, 

Imperial College, London (section 4.2.3 for dilutions).

In all cases a pathological diagnosis was made in the originating pathology laboratory 

on the basis of the original biopsy and/or conventionally Pap-stained smear obtained 

before the test smear. All test smears were scored as either positive or negative for the 

expression of Mcm2 or Mcm5 protein, and the results obtained were subsequently 

correlated with the diagnosis made by routine histology and/or cytology.

4.2.2.2 Oral smears

Oral smears were obtained from suspected reactive lesions (Table 4.3) prior to biopsy 

and were surplus to requirements for diagnosis. Smears from 19 oral squamous cell 

carcinomas were obtained from surgical resection specimens. One of the 19 patients had 

undergone previous radiotherapy for a primary oropharyngeal carcinoma. In all cases the 

diagnosis was confirmed by histological examination. The resulting smears were fixed 

with a commercial cytology fixative spray (Surgipath) and immunostaining was 

performed using a mouse monoclonal antibody against Mcm2 (provided by Dr. Steve 

Dilworth, Imperial College, London). All test smears were scored as positive or negative 

for Mcm2 protein expression, and the results were subsequently correlated with the 

diagnosis made by routine histology.
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4.2.2.3 Pleural and peritoneal fluids

For each pleural or peritoneal effusion specimen received, two cytospin slides were 

prepared for routine diagnosis using a Shandon Cytospin 3 machine, in accordance with 

the manufacturer’s instructions. A further two cytospins were obtained from the 

remaining sample, for immunostaining with antibodies against MCM proteins. These test 

slides were either fixed with a commercial cytology fixative spray (Surgipath) or with an 

in-house alcohol-based fixative (containing 70% ethanol and 30% polyethylene glycol) 

and immunostained with monoclonal antibodies against Mcm2 and Mcm5 (provided by 

Dr. Steve Dilworth, Imperial College, London). All test slides were scored as positive or 

negative for MCM expression and the results were subsequently correlated with the 

diagnosis obtained from the routine diagnostic cytology slides.

4.2.2.4 Breast cytology

Breast fine needle aspiration was performed on patients attending outpatient clinics by 

a consultant cytopathologist. After preparation of a manual smear for diagnosis, two 

further test smears were made onto coated slides and fixed either with a commercial 

cytology fixative spray (Surgipath) or with an in-house alcohol-based fixative (containing 

70% ethanol and 30% polyethylene glycol). All test smears were stained with monoclonal 

antibodies against Mcm2 and Mcm5 (provided by Dr. Steve Dilworth, Imperial College, 

London) and scored as positive or negative for expression of these proteins. Results were 

correlated with the diagnosis obtained by routine cytology and/or histology in all cases.

4.2.3 Immunocytochemical staining of non-cervical cytological preparations

A standard protocol for the immunocytochemical staining of cytological specimens 

was performed as described in section 2.3.4, including the application of a modified Pap 

counterstain. A hybridoma supernatant containing a mouse monoclonal antibody against 

Mcm2 (provided by Dr. Steve Dilworth, Imperial College, London) and an affinity- 

purified polyclonal rabbit antibody against Mcm5 (provided by Dr. Piotr Romanowski, 

CRC/Wellcome Institute, Cambridge) were used at an optimal dilution of 1:15 and 1:400 

respectively.
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4.2.4 Modified protocols for immunocytochemical staining of cervical smears

A modified and shortened version of the standard protocol for staining cytological 

preparations (described in section 2.3.4) was also used to immunostain cervical smears. 

For some cervical smears, a rapid immunocytochemical staining technique was 

employed, in a manner that may be amenable to the future automation of this process, by 

direct HRP-tagging of the primary monoclonal Mcm2 antibody as described in section

2.3.4.

4.2.5 Analysis of staining

All cases were given a prefix according to the originating hospital of the specimen in 

order to preserve patient confidentiality and the stained slides were scored as positive or 

negative for expression of MCM proteins by a single, blinded observer. In non-cervical 

specimens, the percentage of epithelial cells expressing MCM protein was calculated as a 

labelling index (LI) from a count of 100 epithelial cells.

4.3 Results

For all specimens examined, the results seen with monoclonal antibodies against 

Mcm2 were identical to those obtained with affinity purified polyclonal antibodies 

against Mcm5.

4.3.1 Cervical smears

292 cervical smears were examined using the immunoenhanced Pap test (Table 4.1, 

Table 4.2). Cells expressing Mcm2 and Mcm5 proteins were identified in the smears 

obtained from all five cases of adenocarcinoma, all 54 cases of HSIL and from 37 of 39 

cases of LSIL (Figure 4. IB). No abnormal cells were identified with certainty from the 

Pap counterstain in the two cases of LSIL for which no expression of MCM proteins was 

seen. Moreover, abnormal cells were not seen in the diagnostic smear for these two cases, 

with the diagnosis of LSIL being made from biopsy tissue in both cases.
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Of the test smears from 194 patients in whom no abnormality was detected by routine 

smear and/or biopsy, 172 showed no expression of MCM proteins in either differentiated 

squamous cells, normal endocervical cells or squamous metaplastic cells (Table 4.1). All 

the cases were considered adequately sampled for cytological examination, as they 

contained endocervical cells. Of the 22 cases in which MCM expression was observed, 

six showed immunostaining of squamous cells displaying inflammatory changes. In 

another eight patients there was evidence of repair following a surgical procedure to the 

cervix within the last six months. In many of the cases, the reactive nature of the 

immunopositive cells could be recognised from the Pap counterstain of the 

immunostained slides.

In five of the eight immunopositive cases in which no abnormality had been detected 

on routine cytology (Table 4.2), review of the original Pap smear showed cytological 

abnormalities. In the remaining three cases, no abnormal cells were identified on review 

of the original smear. Seven of the eight patients were followed up with a cervical biopsy 

at a later date. Three cases were diagnosed histologically as HSIL, three cases as LSIL 

and one case as adenocarcinoma. One of these HSIL was a very small lesion that was 

completely excised with a punch biopsy and two of the LSIL were also very small 

lesions. The final LSIL case also showed a borderline endocervical abnormality on a 

repeat smear.

4.3.2 Oral smears

Oral smears were obtained from 19 patients in whom squamous cell carcinoma of the 

mouth or oropharynx was confirmed by biopsy. The smears were immunostained for 

Mcm2 only (Table 4.3). In all 19 cases, expression of Mcm2 was observed in over 80% 

of cells showing cytological features of malignancy by the Pap counterstain (Figure 

4. IH). There was no expression of Mcm2 in cells with normal cytological appearances 

(Figure 4.1G). Of 38 specimens from patients in whom inflammatory/reactive conditions 

were diagnosed on routine smear and biopsy, no expression of Mcm2 protein was 

observed in either reactive epithelial cells or adjacent inflammatory cells.
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4.3.3 Breast FNAs

111 breast FNAs were assessed for the expression of Mcm2 or Mcm5 (Table 4.3). 

Eight specimens were from patients diagnosed with invasive ductal carcinoma by routine 

cytology and histology. In these specimens, MCM proteins were expressed in around 

80% of epithelial cells showing cytological features of malignancy by the Pap 

counterstain, but were not present in inflammatory cells or normal breast epithelial cells 

(Figure 4.IF). Of the 103 specimens from patients in whom benign lesions were 

diagnosed by cytology and histology, 100 showed no expression of MCM proteins in 

either inflammatory or epithelial cells, which were present in all cases (Figure 4. IB). 

These cases included 96 benign breast cysts, three cases of fibroadenoma and one case of 

gynaecomastia. In the remaining three cases (all benign breast cysts) there was expression 

of MCM proteins in occasional macrophages, but not in epithelial cells, including benign 

apocrine cells.

4.3.4 Pleural and peritoneal fluids

61 serous effusions (20 pleural, 41 peritoneal) were stained for the expression of 

Mcm2 or Mcm5 (Table 4.3). Five specimens were from patients in whom metastatic 

adenocarcinoma was diagnosed by routine cytology. In these cases, expression of MCM 

proteins was seen in over 70% of malignant cells, but in less than 5% of mésothélial cells 

(Figure 4. ID). The staining intensity was also noted to be much stronger in malignant 

cells than the surrounding mésothélial cells.

Of the 56 specimens from patients diagnosed by cytology as showing reactive changes 

only, 49 showed expression of MCM proteins in only 1-5% of cells, which represented 

lymphocytes and macrophages (Figure 4.1C). The remaining seven cases showed severe 

inflammatory and reactive changes, associated with expression of MCM proteins in 10- 

20% of reactive mésothélial cells. Nevertheless, in these cases, the morphology of the 

immunostained nuclei could still be assessed from the Pap counterstain, allowing the non

neoplastic nature of the immunopositive cells to be recognised.
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Table 4.1 Expression of Mcm2 or Mcm5 in cervical smears

Tissue Total cases Negative MCM 
staining

Positive MCM 
staining

Normal cervix 194 172 22^
LSIL 39 2’ 37
HSIL 54 0 54
Adenocarcinoma 5 0 5
Total 292

+ These 22  samples include eight cases o f  repair and six cases o f  inflammatory and reactive change. In 

repair reactions, the characteristic morphology o f  immunopositive cells can generally be seen using the Pap 

counterstain. O f the remaining eight cases, tissue biopsy showed that three were from patients with HSIL, 

three from patients with LSIL and one from a patient with adenocarcinoma (one further patient is awaiting 

follow-up. Table 4.2). The original Pap smear has been reviewed for five o f  eight cases with confirmed 

abnormalities. All five cases contained abnormal cells that had been missed at the initial screen. Analysis o f  

the remaining cases is still awaited.

* N o abnormal cells were present in the test specimens from these two cases.

Table 4.2 Summary of MCM positive cases

Case MCM

staining

Original cytology 

report

Follow-up 

histology +/- cytology

1 Positive in 

squamous cells

No dyskaryosis Biopsy: HSIL 

Cytology: Moderate dyskaryosis

2 Positive in 

squamous cells

No dyskaryosis Biopsy: HSIL (excised on punch biopsy) 

Cytology: No dyskaryosis

3 Positive in 

squamous cells

No dyskaryosis Biopsy: HSIL 

Cytology: ND

4 Positive in 

squamous cells

No dyskaryosis Biopsy: LSIL (small lesion) 

Cytology: No dyskaryosis

5 Positive in 

squamous cells

No dyskaryosis Biopsy: LSIL (small lesion) 

Cytology: No dyskaryosis

6 Positive in 

squamous cells

No dyskaryosis Biopsy: LSIL 

Cytology: endocervical abnormality

7 Positive in 

glandular cells

No dyskaryosis Biopsy: Adenocarcinoma 

Cytology: endocervical abnormality

8 Positive in 

squamous cells

No dyskaryosis Biopsy: ND 

Cytology: ND

ND = not done/awaited

133



Table 4.3

Expression of Mcm2 or Mcm5 in other cytological specimens

Tissue Total

cases

Negative 

MCM staining

Positive 

MCM staining

Oral smears

Non-neoplastic ̂ 38 38 0
Malignant 19 0 19

Breast FNAs

Benign 103 100 3̂
Malignant 8 0 8

Pleural / ascitic fluid

Reactive 56 49*
Malignant 5 0 5

Total 229

Refers to mésothélial cells 

 ̂MCM expression predominantly in inflammatory cells (see text) 

’ Includes lichen planus, pemphigoid
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FIGURE 4.1 Expression of MCM proteins in normal and neoplastic 
cells from cytological preparations

CER VIX

PLEURAL

BREAST

ORAL

H

A. Mcm5 is not expressed in differentiated squamous epithelial cells exfoliated from the surface of the cervix 
(x200 magnification)

B. There is strong expression of Mcm5 protein in over 90% of cells from an HSIL (x200 magnification)
C. Reactive mésothélial cells from a pleural fluid specimen do not express MCM proteins (x400 magnification)
D. Adenocarcinoma cells from pleural fluid show expression of MCM proteins in over 90% of cells 

(x200 magnification)
E. Breast epithelial and myoepithelial cells from a fibroadenoma do not express Mcm2 (x200 magnification)
F. Invasive ductal carcinoma of the breast (Grade 3) shows strong expression of Mcm2 protein in over 90% of 

neoplastic cells (x200 magnification)
G. Normal squamous epithelial cells from the oropharyngeal mucosa do not express Mcm2 (x200 magnification)
H. Squamous cell carcinoma of the oropharynx shows Mcm2 expression in over 80% of neoplastic cells 

(x200 magnification)
1 3 5



4.4 Discussion

Immunocytochemistry is now recognised as an important tool in the assessment of 

cytological specimens and in the identification of different tumour types (Osamura, 

1989). However, a lack of suitable biological markers for the distinction of neoplastic 

cells from some reactive cell populations has led to areas of difficulty in the assessment 

of particular specimen types, such as pleural and peritoneal effusions showing evidence 

of inflammatory or reactive change (Wick et a l, 1990)

Whilst some studies have suggested that markers of cell proliferation may be used in 

cytological preparations as an adjunct to routine morphological assessment, particularly 

for indicating the aggressiveness of a tumour, reports from other authors suggest that a 

comparison of PCNA and Ki67 values may give rise to discrepant results. In particular, 

although the expression of Ki67 has been reported to be greater than that of PCNA in 

most cytological specimens, occasional specimens show unusually high PCNA 

expression compared to Ki67, suggesting a lack of correlation between these markers 

(Pelosi et al., 1994).

This study has investigated the potential utility of antibodies against MCM proteins in 

the diagnostic assessment of over 500 cytological specimens from a variety of anatomical 

sites, as an adjunct to routine morphological approaches. The results show that MCM 

protein expression is detectable in over 80% of neoplastic epithelial cells in cytological 

specimens. This differs sharply from non-malignant samples, the majority of which show 

no MCM expression in epithelial or other cell types, and includes specimens diagnosed 

on routine cytology and/or histology as normal or showing evidence of inflammatory or 

degenerative changes. Although occasional samples of pleural or ascitic fluid with florid 

reactive changes show weak expression of MCM proteins in 10-20% of reactive 

mésothélial cells, the underlying modified Papanicolaou counterstain allows the reactive, 

non-neoplastic morphological features of these cells to be recognised in all cases. This 

represents a major advantage of this technique, since it allows the conventional Pap and 

immunocytochemical staining to be performed on a single slide, enabling the cytologist to 

use features of both stains to reach an accurate assessment of the nature of the cells in the 

specimen.

The principal utility of the immunoenhanced cytological assay described here would be 

to assist in the distinction of dysplastic cells from reactive cell populations. This may be a
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difficult exercise using standard morphological criteria in samples where there are few 

dysplastic cells in relation to reactive cells, and in cases showing degenerative changes, 

for example due to delays in sample processing. The expression of MCM proteins would 

represent a useful diagnostic adjunct to enhance the identification of dysplastic cells in 

those cases containing cells showing suspicious or uncertain morphological features.

An advantage of this immunoenhanced approach is the suitability of the method for 

automation, allowing large numbers of cytological specimens to be evaluated in a short 

time interval, possibly using monolayer cytological techniques, and therefore suitable for 

population screening. In recent years, liquid-based cytology has emerged as the optimal 

method for the preparation of cytological specimens in terms of specimen quality and 

accuracy of evaluation (Linder, 1998) and this technique has now been approved for use 

in gynaecological and non-gynaecological cytological specimens. A monolayer of cells 

enables slides to be examined rapidly either manually or by automated slide readers using 

a laser scanning cytometric approach (Clatch and Walloch, 1997) and facilitates the 

multiparametric evaluation of each individual specimen, including the testing for human 

papillomavirus status and DNA ploidy (Linder, 1998).

It has previously been shown that malignant cells in urine may be detectable by a 

biochemical evaluation of voided urine specimens (Stoeber et al., 1999). The present 

findings support the potential utility of a biochemical approach to the diagnosis of 

carcinoma in certain specimen types, such as oral smears, by identifying a clear 

difference in the expression of MCM proteins between neoplastic and non-neoplastic 

cells. For other samples, such as pleural or peritoneal effusions, breast FNAs and cervical 

smears, a cytological approach may be preferable. In these specimens, immunopositive 

reactive cells may be present and, as a consequence, reactive and neoplastic conditions 

may not be distinguishable biochemically due to an overlap in the level of detectable 

MCM protein between some reactive cases and those containing a small population of 

malignant cells. In contrast, an immunoenhanced cytological test would generally allow 

the morphological distinction of any immunopositive reactive cells from genuine 

neoplastic cells using the underlying Papanicolaou counterstain.

Moreover, a biochemical approach may not be sufficiently sensitive to identify rare 

malignant cells in a large majority of normal cells (for example, 10 cells in 300,000 as 

may be seen in a cervical smear). In such cases the overall concentration of MCM 

proteins may fall below limits of biochemical detection. A cytological method would 

enable the MCM positive cells to be identified in these cases.
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4.5 Conclusion

This study has described the potential utility of antibodies against the MCM proteins, as 

part of an immunoenhanced Pap test, in the cytological distinction of malignant from 

reactive cells in a range of cytological specimens, particularly in cases complicated by 

inflammatory, reactive or degenerative changes. The advantage of this approach is that it 

may be automated, allowing an immunoenhanced test to be performed as part of a 

population-based screening programme for the detection of early carcinomas from 

various anatomical sites.
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Chapter 5

MCM proteins and clinical outcome in
meningiomas
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5.1 Early recurrence of benign meningioma correlates with expression 

of minichromosome maintenance-2 (Mcm2) protein

5.1.1 Introduction

5.1.1.1 Definition

A meningioma is a benign slow-growing central nervous system tumour thought to be 

derived from the cap cells of arachnoidal villi that form part of the meningeal covering of 

the brain (Kepes, 1982). Meningiomas account for 20% of intracranial and 25% of 

intraspinal tumours (De Monte and Al-Mefty, 1995) and have a marked female 

predominance (F:M=3:1). They can occur at any age but are rare in childhood and often 

become clinically evident in middle age. Although they can arise in any part of the 

meninges, the most favoured intracranial sites are along the superior longitudinal sinus, 

over the latter cerebral convexities, at the tuberculum sellae and the parasellar regions. 

The annual incidence in the UK is around 4 cases per 100,000 population (Barker, 1976).

5.1.1.2 Clinical presentation

The clinical presentation of a meningioma depends largely on the rate of growth and 

site of origin of the tumour. At the base of the skull, meningiomas may cause focal 

neurological deficits by compressing the olfactory bulbs, optic nerves or structures in the 

cerebellopontine angle. Meningiomas over the superior aspects of the cerebral 

hemispheres may grow up to 10cm in diameter before causing symptoms of raised 

intracranial pressure such as headache or blurred vision. Their slow growth means that a 

meningioma may be present for many years before the onset of symptoms occurs.

5.1.1.3 Macroscopic appearance

A meningioma has the gross appearance of a roughly spherical, white/pale grey, well- 

demarcated mass with a smooth external surface. The cut surface varies according to 

histological subtype, and can range from a gritty texture in psammomatous variants to a 

soft yellow appearance in secretory variants.
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5.1.1.4 Histological subtypes

A large number of histological variants of meningioma have been described, reflecting 

the mesenchymal and epithelial histogenetic potential of arachnoidal cells (Table 5.1.1). 

Although the majority of these variants exhibit similar biological behaviour, some may be 

linked with systemic disease, such as the chordoid variant and Castleman’s disease 

(Kepes et al., 1988).

Meningotheliomatous (syncitial) and transitional meningiomas exhibit the most typical 

appearance of these tumours, and show groups of cells with poorly defined cell borders 

forming characteristic whorls around vessels or stromal elements. The cells contain nuclei 

with finely dispersed chromatin and inconspicuous nucleoli, and may contain cytoplasmic 

pseudoinclusions overlying the nucleus, which give an appearance of nuclear 

vacuolisation.

The fibroblastic variant shows elongated cells with abundant collagen deposition 

between cells, and the psammomatous type has a dominant pattern of “psammoma” 

bodies, which result from calcification of whorls of collagen fibres produced by the 

tumour cells (Alcolado et al., 1986). Other rare forms with similar biological behaviour 

include the secretory, microcystic, clear-cell and chordoid types.

5.1.1.5 Immunohistochemistry

Meningiomas express immunohistochemical features indicating mesenchymal and 

epithelial differentiation, with positivity for vimentin and S-100 in the majority of cases 

and focal positivity for cytokeratins and epithelial membrane antigen (EMA) in up to 

40% cases. They are consistently negative for markers of glial cells such as glial fibrillary 

acidic protein (GFAP).

5.1.1.6 Atypical meningiomas

Several large retrospective studies have suggested that a subset of meningiomas show 

an increased tendency for recurrence and aggressive behaviour. Although not displaying 

the histopathological features linked with malignancy, these meningiomas tend to be 

hypercellular, with evidence of increased mitotic activity and a tendency towards diffuse
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infiltrative growth at tumour margins, as well as features of mild nuclear pleomorphism 

and areas of micronecrosis.

Although these features can occur with any histological subtype of meningioma, they 

may only be visible in a focal area of the whole tumour. The identification of atypical 

features within a meningioma is an important indicator that the tumour may subsequently 

behave in an aggressive biological manner. When using conventional morphological 

criteria therefore, there is a need for careful examination of multiple tissue sections in the 

assessment of meningiomas.

5.1.1.7 Anaplastic (malignant) meningiomas

The distinction between atypical and anaplastic meningiomas is dependent on the 

severity of the cytological abnormalities present in the tumour cells, with anaplastic 

tumours displaying marked nuclear pleomorphism, high mitotic activity and necrosis. 

Evidence of brain invasion is considered to be a strong indicator of aggressive clinical 

behaviour, regardless of the degree of anaplasia seen in the cells. The rare papillary 

variant, most commonly seen in young adults, which shows pleomorphic cells forming 

papillary structures around fibrovascular cores, has a particularly high tendency to show 

invasion and metastasis.

Table 5.1.1 Tumours of méningothélial cells

1 Benign meningioma

a) Méningothélial (syncitial)
b) Transitional / mixed
c) Fibrous (fibroblastic)
d) Psammomatous
e) Microcystic
f) Secretory
g) Clear-cell
h) Chordoid

2 Atvpical meningioma

3 Anaplastic (malignant) meningioma

a) Variants of 1) above
b) Papillary
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5.1.1.8 Recurrence of benign meningiomas

The propensity of benign meningiomas to recur following complete macroscopic 

excision is well known (Simpson, 1957; reviewed by De Ridder, 1998). In an extensive 

series of 657 benign meningiomas, it has been shown that recurrence after complete 

surgical excision is frequent and time-dependent, rising from 7% at 5 years to 11% at 10 

years (Jaaskelainen, 1986). This finding has been confirmed in studies performed by other 

groups (Phillipon, 1986; Mirimanoff et a l, 1995).

Whilst factors such as extent of surgical resection, tumour size, patient age and 

histological subtype are thought to influence the outcome of benign meningioma after 

resection, no biological marker of the likelihood of recurrence in individual cases is in 

routine clinical use (Simpson, 1957; Wilson, 1994).

Several studies have tested the hypothesis that the proliferation status of a meningioma 

may be predictive of subsequent behaviour. In 1989, a flow cytometric study performed 

by May et a l suggested that recurrence may be related to the proliferative growth fraction 

of meningiomas. The authors found that in 10 of 15 tumours that subsequently recurred 

over 19% of cells were in S/G2 and M phases of the cell cycle, compared to none of the 

nonrecurrent tumours examined (May et a l, 1989). However, more recent studies 

examining the proliferation of benign meningiomas, using BrdU labelling, argyrophilic 

nucleolar organising regions or conventional proliferation markers Ki67 and PCNA, have 

produced conflicting results (Kunishio, 1994; Karamitopoulou, 1998; Takeuchi, 1997; 

Moller, 1997). Whilst some of these studies suggest that proliferation indices may be of 

useful prognostic value, the majority have found either no difference in the labelling 

indices for recurrent versus nonrecurrent tumours, or show considerable overlap between 

the two groups, providing very limited prognostic information (Table 5.1.2).

As the currently available proliferation markers have shown inconsistent results in 

predicting the future biological behaviour of benign meningiomas, their routine use in the 

evaluation of clinical histopathological specimens has not been widely practised. The 

MCM proteins are a novel family of proliferation markers, with theoretical and practical 

advantages over existing markers, PCNA and Ki67 (Chapter 1). Antibodies against the 

MCM proteins may be used as potentially sensitive and specific markers of dysplastic and 

neoplastic cells in clinical specimens. It is possible that they may be of value for 

predicting tumour recurrence in tissues where the histological features are unreliable for 

prognostic evaluation.
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Table 5.1.2 Prediction of recurrence of benign meningiomas

Author M arker

used

Number 

of NR 

Cases

Number

ofR

cases

LI of NR cases 

(mean +/- Cl)

LI of R cases 

(mean +/- Cl)

Kunishio AgNOR 30 20 2.48 +/- 0.73 3.20 +/- 0.96

Kakinuma BrdU 136 42 0.77 +/- 0.13 3.77 +/- 1.22

Karamitopoulou Ki67 29 8 1.06 +/- 1.15 3.12+7-5.6

Takeuchi PCNA 82 10 0.71 +/- 0.13 3.98 +/- 0.37

Takeuchi Ki67 82 10 0.39 +/- 0.07 3.15 +/-0.4

Moller* PCNA 16 11 2.6 (0-12.7) 7.9 (4-26.7)

Moller Ki67 16 11 0.6 (0-4.2) 0.5 (0-1.4)

Statistically significant results given in red 

Cl = 95% confidence interval 

NR = nonrecurrent 

R = recurrent

* Moller paper -  statistics given are median and range 

5.1.1.9 Aims

The main aims of this study were to:

1) Test whether expression of minichromosome maintenance-2 protein (Mcm2) provides 

information that facilitates prediction of early recurrence of benign meningiomas

2) Compare the potential utility of Mcm2 as a prognostic indicator against other factors 

that may influence recurrence, including tumour histological subtype, mitotic count 

and Ki67 labelling index
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5.1.2 Materials and Methods

5.1.2.1 Case Selection

Patient records from the East Anglian Cancer Registry in Cambridge were used to 

identify ten patients with histologically confirmed benign meningioma in whom a 

recurrence had been detected on follow-up imaging within five years of surgical 

resection. A control population of 20 patients known to be recurrence-free for at least five 

years was obtained, matching for both patient age (within five years) and date of surgery, 

in order to control for age and surgical management. In all cases the primary tumours had 

been completely excised macroscopically. All subjects with nonrecurrent benign 

meningiomas had undergone regular follow-up including imaging for at least five years 

following surgery. None of the cases or controls received radiotherapy. Tumour blocks 

were obtained from the archive of the Department of Histopathology at Addenbrooke’s 

Hospital, with Local Research Ethics Committee approval. For each tumour a block was 

selected at random for histological and immunohistochemical assessment.

5.1.2.2 Im mu nohistochemistry

A standard protocol for the immunohistochemical staining of formalin-fixed paraffin- 

embedded specimens was performed as described in section 2.3.2. Monoclonal antibodies 

against Mcm2 (BM28, Transduction Laboratories, Lexington USA) or Ki67 

(Immunotech, Miami, USA) were applied to the sections at a dilution of 1:100.

5.1.2.3 Mitotic Counts

Mitotic counts were quantified as the number of mitotic figures per high power field 

(HPF, 0.196mm^), counting a minimum of 40 fields for each tumour section.

5.1.2.4 Labelling index and analysis

The labelling index (LI) of a tumour was defined as the percentage of cells that showed 

nuclear expression of Mcm2 or Ki67. Two counts, LIavc and LiMax, were obtained for
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each stained slide. The LIavc was defined as the mean labelling index of the entire section, 

counting a minimum of 1000 cells at 10 randomly chosen sites for each section. The 

maximal frequency of immunoreactivity in a tumour section, LImbx, was obtained by 

systematic examination of sections under low magnification in order to identify the area 

with the highest density of nuclear immunopositivity. Six hundred cells were counted in 

the selected areas, in order to obtain the highest LI for the tumour section. The counting 

was performed independently by two observers under blinded conditions and a mean 

value taken. Statistical analysis comparing the labelling indices between recurrent and 

nonrecurrent populations was performed using a two-tailed Student’s t- test. A two-sided 

p value of less than 0.01 was considered to be significant.

5.1.3 Results

5.1.3.1 Anatomical location and mitotic index

There was no significant difference in anatomical location and histological type 

between the tumours in each group (Table 5.1.3). Mitotic counts did not differ 

significantly between the recurrent and nonrecurrent cases (Table 5.1.4, Figure 5.1.1 A, 

Figure 5.1.2A,B).

5.1.3.2 Ki67 labelling index

The mean Ki67 LIavc of meningiomas destined to recur (3.6% +/- 2.3, 95% confidence 

interval) was not significantly greater than that of nonrecurrent meningiomas (1.9% +/- 

0.4, 95% confidence interval) (Table 5.1.4, Figure 5.1.IB, Figure 5.1.2C,D). Cells 

expressing Ki67 were homogeneously distributed across tissue sections, without 

significant clustering of immunopositive cells. Mean Ki67 LImex values for recurrent (4.3 

+7-2.9, 95% confidence interval) and nonrecurrent meningiomas (2.5 +/- 0.4, 95% 

confidence interval) were not significantly different and were broadly similar to the mean 

Ki67 LIavc values (Table 5.1.4, Figure 5.1.1C). There was very considerable overlap of 

individual values of Ki67 LUve and Ki67 LlMax between the two groups, indicating that 

such values may be of little use for predicting tumour recurrence.
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5.1.3.3 Mcm2 labelling index

Strong nuclear Mcm2 immunoreactivity was observed in a proportion of the 

meningioma cells in each tumour (Figure 5.1.2E,F). The mean Mcm2 LIavc value was not 

significantly higher for the group of recurrent meningiomas (10.8 +/-3.0, 95% confidence 

interval) than for the nonrecurrent group (7.7 +/-1.2, 95% confidence interval). In 

particular, there was considerable overlap of individual values between the groups (Table

5.1.4, Figure 5.1. ID), suggesting that an individual value of Mcm2 LUve may be of little 

use for predicting meningioma recurrence.

It was a frequent observation that the immunoreactivity for Mcm2 showed considerable 

variation within sections of individual tumours, a finding previously described for 

proliferation markers in other tumour types (Bennett et al., 1992). An attempt was made 

to account for this variability by determining the LI within the regions of each section that 

displayed the highest Mcm2 immunoreactivity (Mcm2 LiMax)- The mean Mcm2 LImhx 

value was significantly higher for the recurrent group (38.4 +/-11.9, 95% confidence 

interval) than for the nonrecurrent group (15.0 +Z-2.8, 95% confidence interval, 

p<0.00001). Moreover, in contrast to the mitotic count and the other Lis measured in this 

study, individual values for Mcm2 LImbx showed little overlap between recurrent and 

nonrecurrent meningiomas (Table 5.1.4, Figure 5.LIE), suggesting that the Mcm2 LiMax 

value for an individual tumour may be useful for predicting recurrence. None of the 

nonrecurrent tumours displayed a LiMax greater than 30%, whereas in eight out of eleven 

recurrent tumours the LiMax exceeded this figure.
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Table 5.1.3

Clinicopathoiogical information and labelling indices of benign meningiomas

Case
number

Age Sex M .L  
per H PF

KÎ67
LIavc

Ki67
CllVlax

M cm 2
CI Ave

M cm 2
CI Max

Histological
Subtype

Cocation

R1 25 F 0.16 2.3 2.5 9.4 21.9 Fibroblastic L frontal
R2 49 F 0.14 1.7 1.8 6.5 33.9 Transitional L post fossa
R3 51 M 0.06 4.4 4.7 12.5 32.8 Transitional Cerebello-pontine
R4 65 F 0.38 2.3 3.3 10.0 22.7 Transitional Post fossa
R5 61 F 0.12 2.2 2.4 7.1 33.4 Transitional R frontal
R6 68 F 0.96 4.0 4.1 10.6 55.2 Transitional L parietal
R7 67 F 0.36 1.7 1.7 7.2 27.2 Fibroblastic Parasagittal
R8 69 F 0.42 2.2 2.5 16.0 42.2 Fibroblastic L frontal
R9 63 M 0.28 3.3 4.3 9.0 37.2 Syncitial Parasagittal
RIO 44 M 0.10 12.3 15.3 19.5 77.0 Syncitial L petrous

N1 28 F 0.12 2.6 3.5 7.6 20.4 Transitional Parasagittal
N2 57 F 0.78 1.2 3.9 6.2 16.0 Transitional Parasagittal
N3 51 F 0.12 2.0 2.7 14.3 25.2 Fibroblastic Transverse sinus
N4 47 F 0.10 1.8 2.2 5.2 9.8 Transitional R parietal
N5 51 F 0.18 1.7 2.5 7.2 11.2 Transitional C sphenoid
N6 51 M 0.86 1.6 1.8 8.3 21.2 Transitional L temporal
N7 58 M 0.46 0.4 1.2 4.5 7.1 Syncitial C temporal
N8 49 F 0.26 2.1 2.2 7.3 22.3 Transitional R parietal
N9 59 F 0.18 1.4 1.9 8.4 12.7 Syncitial Falx
NIG 28 M 0.06 1.8 2.3 8.5 12.5 Transitional Parasagittal
N i l 61 F 0.02 0.7 1.2 5.1 7.2 Syncitial Occipital
N12 67 M 0.62 2.7 3.3 13.4 24.2 Transitional R post fossa
N13 68 M 0.20 2.5 2.7 7.5 13.5 Syncitial Sphenoidal
N14 67 M 0.32 4.2 4.5 9.9 19.9 Transitional R sphenoid
N15 57 M 0.08 2.5 2.7 9.4 20.8 Transitional L frontal
N16 69 F 0.02 1.2 1.4 5.9 7.9 Transitional R frontal
N17 67 F 0.68 2.4 2.5 6.7 16.2 Psammoma Falx
N18 47 F 0.00 2.4 3.1 6.2 12.0 Transitional Post fossa
N19 65 F 0.18 1.7 1.9 7.4 12.7 Transitional R frontal
N20 58 F 0.06 1.2 1.7 4.2 6.5 Syncitial Cerebello-pontine

M l. = mitotic index

This table gives the clinicopathoiogical details, mitotic counts, Ki67 and Mcm2 labelling 

indices for recurrent (R) and nonrecurrent (N) benign meningiomas. One high power field 

(HPF)=0.196mml
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Table 5.1.4

Summary of results for recurrent and nonrecurrent meningiomas

Parameters Recurrent Nonrecurrent Significance

Number of patients 10 20 -

Mean Age 56.2 55.3 -

Sex ratio F:M 2.3:1 1.9:1 N.S.

Mean Mitotic Count 0.30 0.27
(95% C.I.) (+/-0.19) (+/-0.12) N.S.

Mean Ki67 LUve 
(95% C.I.)

3.6
(+Z-2.3)

1.9 
(+/- 0.4) N.S.

Mean Ki67 Lluax 
(95% C.I.) 4.3 

(+/- 2.9)
2.5 

(+/- 0.4) N.S.

Mean Mcm2 LUve 
(95% C.I.) 10.8 

(+/- 3.0)
7.7 

(+/- 1.2) N.S.

Mean Mcm2 Lluax 38.4 15.0 P<0.00001(95% C.I.) (+/-11.9) (+Z-2.8)

The cases and controls were age-matched. There was no significant difference (N.S.) in 

sex ratio, mitotic counts, Ki67 LIavc, Ki67 Lluax or Mcm2 LUve between the two groups. 

In contrast, the values for Mcm2 LUax showed a highly significant difference between the 

two groups.
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FIGURE 5.1.1 Comparison of mitotic counts, Ki67 Ki67 Ll,^^, Mcm2 Ll̂ ^̂
and Mcm2 Ll^^  ̂in recurrent and nonrecurrent benign meningiomas

i

D

6

R e c u rre n t N o n recu rren t

A. The mitotic index was quantified as the 
number of mitotic figures per high power field 
(HPF,0.196mm^). There is no significant 
difference between the mitotic index for 
recurrent and nonrecurrent meningiomas.
B.-C. Individual values of Ki67 and Ki67 
LIj^^ show considerable overlap between the 
two groups, limiting their clinical utility as 
predictors of meningioma recurrence.
D.-E. Although individual values of Mcm2 

show some overlap between recurrent 
and nonrecurrent tumours, the values for 
Mcm2 LIj^  ̂ show minimal overlap between 
the two groups illustrating their potential utihty 
as prognostic markers.
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FIGURE 5.1.2 Comparison of mitotic index, Mcm2 and KI67 expression in
recurrent and nonrecurrent benign meningiomas

A. H aem atoxylin  and  eosin stain  o f  a nonrecurrent m eningiom a show ing absence o f  m itoses (x400  m agnification)
B. H aem atoxylin  and eosin stain o f  a recurren t m eningiom a show ing a rare m ito tic figure (x400 m agnification)
C. In nonrecurrent m eningiom as, the K i67 is under 5%  (x400 m agnification)
D. For recurrent m eningiom as, the Ki67 is generally  sim ilar to that seen with nonrecurren t tum ours

at under 5%  (x400  m agnification)
E. The M cm 2 o f  nonrecurren t m eningiom as is low, generally  under 20%  (x400 m agnification)
P. In contrast, recurren t m eningiom as contain foci o f  high frequency o f  expression o f  M cm 2, producing

Me m2 PljYiax values o f  over 70%  (x400 m agnification)

1 5 1



5.1.4 Discussion

Previous studies have suggested that the proliferative activity of a benign meningioma 

may influence recurrence, although some controversy remains about the reliability of 

existing proliferation markers (reviewed by De Ridder, 1998). Most commonly, previous 

studies have estimated proliferative activity using antibodies against Ki67 (Kakinuma et 

al., 1998; Moller and Braendstrup, 1997) and PCNA (Cobb et al., 1996) although some 

have used mitotic counts, BrdU labelling (Kakinuma et al., 1998) and counts of 

argyrophilic nucleolar organising regions (Kunishio and Ohmoto, 1994). These studies 

have obtained labelling index values based on either the average proliferative activity or 

the maximal proliferative activity within the tumour, but not both. In particular, the 

results from these studies are inconsistent and show overlap between cases and controls, 

such that values of individual labelling indices contain limited prognostic information.

The present study differs from previously published data in that the proliferation in 

benign meningiomas has been assessed using Mcm2 as a novel proliferation marker. 

Furthermore, the labelling index within the region of highest proliferative activity in a 

histological section has been determined as well as the mean labelling index for the 

section as a whole.

The Ki67 LI values observed in this study are broadly similar to those seen by other 

investigators (Kakinuma et al., 1998; Takeuchi et al., 1997). In contrast, the Mcm2 LI 

values are considerably higher than those seen for Ki67. Although potentially useful as a 

prognostic tool, the individual values for the mean tumour Mcm2 LI show some overlap 

and are not statistically significant, limiting their potential clinical utility. Indeed, the 

results suggest that the Mcm2 LImex may provide more accurate information of prognostic 

value, and could be useful in the identification of tumours that are likely to recur within 

five years of primary excision.

A randomly selected block for each case has been analysed in a manner that is 

appropriate to any future laboratory test based on determination of Mcm2 LI in benign 

meningiomas. As only a portion of tissue from resected tumours is sampled for 

histopathology, the area of maximal proliferative activity within the tumours in this study 

may not have been represented in those sections examined by immunohistochemistry. 

Nevertheless, the data suggests that assessment of LImex values for Mcm2 in randomly
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selected sections of benign meningioma may be of useful prognostic value in its own 

right.

It is currently not known how regions of high proliferative activity may influence 

benign meningioma recurrence, particularly as the cases studied were completely excised 

macroscopically. It has been suggested that benign meningioma recurrence may be due to 

microscopic foci of tumour left behind at operation. A high Mcm2 LiMax within a tumour 

may reflect inherent genomic instability within the neoplasm, which might confer a 

relative growth advantage to any residual tumour cells. This is consistent with previous 

studies, which have shown that the accumulation of genomic abnormalities in 

meningiomas correlates with more aggressive biological behaviour (Weber et al., 1997).

Meningioma recurrence is an attractive system for the study of determinants of tumour 

behaviour because the tumour is locally confined, clinical outcome is readily defined (as 

recurrence or nonrecurrence) and treatment is well described and standardised between 

centres. It is therefore possible that the principles emerging from this study may have 

relevance to tumours with more complex behaviour. It might be instructive, for example, 

to investigate the effect of intratumour variation in proliferative activity on the outcome 

of other neoplasms, such as gliomas or carcinomas.

5.1.5 Conclusion

The Mcm2 labelling index in the region of highest proliferative activity in a randomly 

chosen section of benign meningioma may provide useful prognostic information. When 

assessed in combination with other clinical parameters, this information may enable the 

identification of patients with a high risk of tumour recurrence, for whom more 

aggressive treatment such as radiotherapy may be appropriate.
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5.2 Steroid sex hormone receptor status and proliferative activity in 

meningiomas

5.2.1 Introduction

5.2.1.1 Evidence for functional importance of steroid sex hormone receptors in 

meningiomas

Meningiomas are the only tumours of the central nervous system that show a female 

predominance, with 65% of intracranial and 80% of intraspinal meningiomas occurring in 

women (Schoenberg, 1983). Previous studies have suggested that meningiomas exhibit an 

accelerated growth phase during pregnancy and the secretory phase of the menstrual cycle, 

but not in the proliferative phase of the menstrual cycle, with clinical symptoms progressing 

throughout pregnancy and resolving after delivery (Cushing and Eisenhardt, 1938; 

Bickerstaff et al., 1958). A link between meningioma and breast cancer has also been noted, 

with studies showing an increase in the observed incidence of concurrent tumours in women 

compared to that expected statistically (Schoenberg et al., 1975). These epidemiological and 

clinical findings suggest that steroid sex hormones, particularly progesterone, may have a 

direct growth-promoting effect on meningiomas.

Many clinical studies have investigated the oestrogen receptor (ER), progesterone receptor 

(PR) and androgen receptor (AR) status of benign meningiomas (Poisson et a l, 1983; Lesch 

et a l, 1987; Martuza et a l, 1985; Hsu et a l, 1997). Using radiolabelled steroid binding 

assays, these early studies showed that high levels of AR and PR were detectable in most 

benign meningiomas. In contrast, cytosolic ER has only been found at low levels in a 

minority of these tumours (Cahill et a l, 1984). However, several inherent limitations with 

this technique, including interference by endogenous or administered steroids and problems 

with standardisation of the results obtained, have led to doubts over the validity of these 

findings.

154



In recent years, the generation of monoclonal antibodies against ER, PR and AR has 

enabled a more direct examination of the steroid sex hormone receptor status of 

meningiomas to be performed. Whilst studies have reported that PR can be 

immunohistochemically detected in 55-83% of benign meningiomas and AR in 42% of 

benign meningiomas, the results obtained for ER have remained inconclusive. Expression of 

ER in benign meningiomas has been reported in between 0% and 35% of cases examined 

(Whittle et al., 1984; Hsu et al., 1997; Lee et al., 1989; Markwalder et al., 1983, Table 

5.2.1).

Table 5.2.1 Steroid sex hormone receptor status of meningiomas

Author

(year)

Type of meningioma 

and number of cases

ARLI ER LI PR LI

Markwalder

(1983)

Benign 34 ND 0% 71%

Whittle

(1984)

Benign 20 ND 0% 55%

Lee

(1989)

Benign 17 42% 35% 82%

Hsu

(1997)

Benign 28 

Atypical 27 

Anaplastic 15

ND 9% 83%

Ll=labelling index 

ND=not done

There are several theories as to the mechanism by which steroid sex hormones may lead to 

an increase in meningioma size. Although some authors suggest that there may be a direct 

effect on tumour growth through increased proliferation (Weyand et al., 1951), others

155



suggest that steroid sex hormones cause an increase in individual cell size, by an 

accumulation of water in the cytoplasm (Bickerstaff et al., 1958). Indeed, the finding that 

PR-negative meningiomas may be more aggressive than PR-positive tumours appears to 

suggest that there may not be an association between the presence of PR and tumour growth 

(Whittle e ta l ,  1984).

Despite the controversy, results of studies investigating the steroid sex hormone receptor 

status of meningiomas have suggested that antiandrogenic and antiprogestogenic agents may 

have potential applications in the adjuvant treatment of surgically resected meningiomas, or 

as the main form of treatment in unresectable benign meningiomas (Grunberg et a l,  1991). 

However, as the mechanism by which steroid sex hormones may stimulate meningioma 

growth is still unknown, the use of these agents has not been properly evaluated in large- 

scale clinical trials.

The MCM proteins have recently been shown to be present throughout the cell cycle but 

rapidly down-regulated in quiescent and differentiated cells, thereby acting as sensitive and 

specific markers of proliferating cells in clinical material (Stoeber et al., 1998). Antibodies 

against all MCM proteins, including Mcm2 and Mcm5, have been shown to produce similar 

results in all tissues examined (Chapter 3). Evaluation of the correlation of the expression of 

Mcm5 with the expression of steroid sex hormone receptors may provide valuable 

information about the mechanism by which steroid sex hormones may influence growth of 

meningiomas.

5.2.1.2 Aims

The main aims of this study were to:

1. Assess the individual expression of AR, ER, PR and Mcm5 in a range of 10 meningiomas 

of varying histological type

2. Investigate whether steroid sex hormones have a direct proliferative effect on 

meningioma cells, by testing for co-localisation of Mcm5 with AR or PR
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5.2.2 Materials and Methods

5.2.2.1 Case selection

A representative formalin-fixed, paraffin-embedded block was selected from 10 

meningiomas diagnosed on neurosurgical biopsy at Addenbrooke’s Hospital NHS Trust. 

These cases represented seven benign, two atypical and one anaplastic meningioma of 

varying histological type (Table 5.2.2). The study was performed with the approval of the 

Local Research Ethics committee and patient confidentiality was maintained throughout.

5.2.2.2 Immunohistochemistry

5.2.2.2.1 Single staining

Individual expression of Mcm5, AR, ER and PR was assessed in meningioma tissue 

sections using a standard protocol for the immunohistochemical staining of formalin-fixed, 

paraffin-embedded tissue, as described in section 2.3.2. Mouse monoclonal antibodies 

against AR (Biogenex, USA), ER (DAKO) and PR (DAKO) were used at 1 ;80, 1:50 and 1:10 

dilutions respectively. A rabbit polyclonal antibody against Mcm5 (provided by Dr. Piotr 

Romanowski, CRCAVellcome Institute, Cambridge) was used at 1:200.

5.2.2.2.2 Double staining

Any potential co-localisation of Mcm5 with AR and PR was tested using double-labelled 

immunoperoxidase and immunofluorescent techniques, as described in section 2.3.8. 

Antibodies against Mcm5, AR and PR were used at the dilutions described in section 

5.2.2.2.I.
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5.2.2.3 Quantitation of staining

5.2.2.3.1 Single staining

All single-stained slides were reviewed by two independent observers and assessed for the 

expression of AR, ER, PR and Mcm5. The median labelling index and range (based on the 

averaged results of both observers) was calculated for each specimen. Labelling index (LI) 

was defined as the percentage of cells showing expression of an individual marker. Two 

counts, LIavb and Ll^ax, were obtained for each marker. The LIavc was defined as the average 

labelling index of the entire section, counting a minimum of 400 cells at four randomly 

chosen sites for each section. The maximal frequency of immunoreactivity in a tumour 

section, Ll^ax, was obtained by systematic examination of sections under low magnification 

in order to identify the area with the highest density of nuclear immunopositivity. Four 

hundred cells were counted in the selected areas, in order to obtain the highest LI for the 

tumour section.

A Spearman correlation co-efficient was calculated for the LiMax values in order to 

examine the extent of correlation between the individual markers. The values obtained 

ranged between 0 (no correlation) and either 1 (positive correlation) or -1 (negative 

correlation), with two-sided p values of less than 0.05 considered statistically significant.

5.2.2.3.2 Double staining

Double-stained slides were assessed for evidence of co-localisation of Mcm5 and steroid 

sex hormone receptors by direct visualisation using light and fluorescent microscopy (section 

2.3.8). The slides were reviewed by two observers. In an attempt to obtain a semi- 

quantitative indication of the degree of co-localisation of each molecule, labelling indices 

were calculated for both markers in each double-stained slide, using a total of 400 cells from 

four representative high-power (x40 lens) fields.
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5.2.3 Results

5.2.3.1 Expression of individual markers (Table 5.2.2)

1) McmS

All ten meningiomas showed strong nuclear expression of Mcm5. In the seven benign 

meningiomas examined (Figure 5.2.2A, Figure 5.2.3), the median Mcm5 Ll^ve was 10% 

(range 5-32%) with a corresponding median Mcm5 LiMax of 29% (range 15-58%). In two 

atypical meningiomas, the median Mcm5 Ll^ve was 31% (range 17-44%) and the median 

Mcm5 LImbx was 53% (range 31-75%). The single case of anaplastic meningioma showed 

relatively high expression of Mcm5, with a Mcm5 Ll^ve of 41% and Mcm5 LImbx of 75% 

(Figure 5.2.1).

2) AR

Of seven benign meningiomas, six expressed AR in either the nucleus (two cases) or 

cytoplasm (two cases) or both (two cases). The median nuclear AR LIavb for all seven cases 

was 10% (range 0-57%) and the median cytoplasmic AR LIavb was 10% (0-53%). The 

corresponding median nuclear AR LImbx and cytoplasmic AR LImbx were 26% (range 0- 

83%) and 25% (range 0-74%) respectively (Figure 5.2.2A).

In the atypical meningiomas, one case exhibited nuclear AR expression (LIavc 15%, LImbx 

35%) and the other showed cytoplasmic expression of AR (LIavc 10%, LImbx 31%). The 

single anaplastic case showed nuclear AR expression, with an AR LIavb of 17% and an AR 

LImbx of 31%, but no cytoplasmic AR expression (Figure 5.2.1).

3) ER

Only one benign meningioma showed focal nuclear and cytoplasmic expression of ER, 

with a nuclear ER LIavb of 12% and a cytoplasmic ER LIavb of 2%. The corresponding 

nuclear ER LImbx and cytoplasmic ER LImbx were 21% and 5% respectively. In the remaining
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nine meningiomas, including all the atypical and malignant cases, there was no nuclear or 

cytoplasmic expression of ER.

4) PR

All seven benign meningiomas showed nuclear expression of PR (Figure 5.2.2A), with a 

median PR Ll^ve of 41% (range 10-82%) and a median PR LImsx of 79% (range 31-97%). In 

one of these cases, there was also cytoplasmic expression of PR with a LIavc of 5% and LiMax 

of 17%.

The two atypical meningiomas had a median PR LIavb of 53% (range 35-71%) and a 

median PR LÏMax of 92% (range 87-97%). The single anaplastic case showed a PR LIavc of 

79% with a PR LiMax of 98% (Figure 5.2.1).

When labelling indices for individual cases were examined using the Spearman correlation 

coefficient, there was no correlation between Mcm5 LÏMax and AR LÏMax or PR LÏMax In 

addition, there was no correlation between AR LÏMax or PR LÏMax (Table 5.2.2, Figure 5.2.2A, 

Figure 5.2.3).

S.2.3.2 Co-localisation of McmS with AR and PR

In all ten meningiomas examined, groups of cells expressing Mcm5 were generally found 

to be distinct from those expressing AR or PR, with direct evidence of co-localisation of 

Mcm5 with either steroid hormone receptor in only around 1% of cells (Figure 5.2.2B, Figure 

5.2.4). Indeed, it was noted that areas showing Mcm5 expression often showed no correlation 

with expression of AR and PR. Although, in some areas of the tumours examined, groups of 

cells expressing Mcm5 and AR or PR were found in close proximity to each other, other 

areas showing a high level of Mcm5 expression were found to lack expression of AR or PR 

(Figure 5.2.4), and vice versa.
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Table 5.2.2 Expression of McmS and steroid sex hormone receptors in benign

meningiomas

Case McmS

LIavc

McmS

LI]VIax

AR

LIavc

AR

LlMax

PR

LIavc

PR

Lljviax

1 10% 31% N 0%

C32%

N0%

C49%

10% 35%

2 5% 17% N0%  

C 10%

N0%

C25%

41% 79%

3 7% 49% N 57% 

C21%

N83%

C 44%

51% 85%

4 32% 58% N0%

c o %

N0%

c o %

N82%

C5%

N 95% 

C 17%

5 5% 15% N 55% 

C53%

N81% 

C 74%

53% 86%

6 12% 25% N 24% 

C0%

N71%

c o %

17% 31%

7 15% 29% N 10%

c o %

N26%

C0%

28% 59%

Median 10% 29% 24% 49% 41% 79%

Range 5-32% 15-58% 0-57% 0-83% 5-82% 17-95%

Spearman correlation co-efficient:

Mcm5 LiMax vs. PR Ll^ax^ 0.21, p= 0.65 

McmS LiMax vs. AR* LlMax= -0.21, p= 0.65 

McmS LÏMax vs. cAR LÏMax= -0.33, p= 0.52 

McmS LÏMax vs. nAR LÏmsx= -0.Ï8, p= 0.69

PR LÏMax vs. AR LÏMax= "0.14, p= 0.76 

PR LÏMax vs. cAR LÏMax= 0.15, p= 0.77 

PR LÏMax vs. nAR LÏMax  ̂0.07, p= 0.88

N = nuclear expression, C = cytoplasmic expression,

* Highest value of AR, whether nuclear or cytoplasmic
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FIGURE 5.2.1 Expression of McmS, AR and PR in meningiomas

A B

B enign  A typical M alignant B enign  A typical M alignan t

c

B enign  A typical M alignant

•  Nuclear 
A Cyoplasmic

D

B enign  A typical M alignan t

*  Nudev
*  Cyoplasmic

B en ign  A typical M alignan t B en ign  A typical M alignan t

Labelling indices for expression of McmS (A), McmS (B), AR (C), AR (D), 
PR LUyg (E) and PR (F) in a series of benign, atypical and anaplastic meningiomas. There 
appears to be an increase in the frequency of expression of McmS and PR with histological grade 
of meningioma, although there appears to be no such increase in AR values.
Some cases with nuclear and cytoplasmic expression of AR produce two points in graphs C and D.
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FIGURE 5.2.2 Expression o f Mcm5, AR and PR in meningiomas using single-staining and 
double-staining immunohistochemical techniques

100

B

Nuclear
Cytoplasmic

P R  LI %
■ Benign 
à- Atypical 

A n ap lastic

100 120

A. Expression of Mcm5, AR and PR in a series of 
seven benign meningiomas, using a single- 
staining immunoperoxidase technique. There 
appears to be a higher frequency of expression of 
PR than AR, which is itself higher than the 
expression of Mcm5. Individual Mcm5 values 
show less variation than values for AR or PR. 
There is no correlation between the frequency of 
expression of these markers in individual cases 
(Table 5.2.2, Figure 5.2.3).

B. Expression of Mcm5 and PR in four selected 
microscopic fields of seven benign, two atypical and 
one anaplastic meningioma, using a double-staining 
immunoperoxidase technique. There is no correlation 
between the expression of the markers.
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Figure 5.2.3 Comparison of Mcm5 PR AR cAR and nAR values
for seven benign meningiomas. There is no correlation between the frequency of 
expression of these markers.

AR LIĵ ĝ = maximal labelling index of AR, whether cytoplasmic or nuclear 
c AR LIj^^= maximal cytoplasmic labelling index of AR 
n AR maximal nuclear labelling index of AR
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FIGURE 5.2.4 Expression of Mcm5, PR and AR in benign, atypical 
and anaplastic meningiomas

Benign Atypical Anaplastic

MCM

TTT

PR

MCM/PR

•i.-MCM/AR

M N

Expression o f  Mcm5 and PR in benign, atypical and anaplastic meningiomas using a single staining 
immunoperoxidase technique (A-F). Co-localisation o f  Mcm5 (brown) with either AR or PR (red) 
is seen in only around 1% o f  cells in double staining experiments perfonTied on these meningiomas 
(G-L). These results are confirmed by immunofluorescence experiments showing that the majority 
o f  cells expressing Mcm5 (green, M) do not exhibit PR (red, N).
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5.2.4 Discussion

Although there is some epidemiological and clinical evidence that growth of meningiomas 

may occur in response to steroid sex hormones, studies investigating the expression of AR, 

ER and PR in meningiomas have produced inconsistent results (Whittle et al., 1984).

In this study, the expression of AR, ER and PR was examined in a range of meningiomas, 

and an attempt was made to correlate the expression of these sex steroid hormone receptors 

with the proliferative (Mcm5) index of the respective tumours. It was observed that 

meningiomas of increasing histological grade show higher frequency of expression of Mcm5, 

as reflected in higher values for LIavc and LiMax-

The current study has shown that AR and PR are expressed in 9/10 (90%) and 10/10 

(100%) meningiomas studied, compared to focal expression of ER in just 1/10 (10%) of the 

cases examined. The findings are consistent with other recent studies using monoclonal 

antibodies to investigate steroid sex hormone receptor status in meningiomas (Hsu et a l, 

1997). In particular, whilst the frequency of expression of nuclear AR remains fairly constant 

in benign and anaplastic tumours (24% and 17% respectively), the expression of nuclear PR 

increases with histological grade (from 41% in benign to 79% in anaplastic meningioma). 

The data (including the Spearman correlation co-efficients) suggest there is no correlation 

between the frequency of expression of Mcm5 and expression of either AR or PR in the 

benign meningiomas examined, although the small number of cases studied does not allow 

statistical significance to be illustrated (Table 5.2.2; Figure 5.2.3). The double-staining 

experiments confirm that the vast majority of cells expressing Mcm5 do not simultaneously 

express AR or PR.

The low frequency of ER expression in meningiomas suggests that the presence of 

oestrogen is not an important factor in the biological behaviour of these tumours, as 

previously suggested by the low rate of meningioma growth during the proliferative part of 

the menstrual cycle (Bickerstaff et al., 1958). In particular, the synthesis of PR in 

meningioma cells does not appear to be under oestrogenic control, unlike most other 

oestrogen target tissues (Hsu et al, 1997), since meningioma cells are able to express PR 

without evidence of simultaneous ER expression. Thus, there may be little scope for the use
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of anti-oestrogenic drugs in the treatment of meningiomas, as the growth of these tumours 

may be independent of oestrogen.

The use of anti-androgenic drugs in the treatment of meningioma has also been questioned 

by findings that the presence of AR in meningioma cells is often cytosolic and may represent 

a non-functional form of the receptor that is unable to bind circulating androgens (Schwartz 

et a l, 1984). Although anti-progestogenic drugs have also been suggested as a therapeutic 

adjunct in the treatment of meningioma (Grunberg et al., 1991), their proper evaluation has 

been limited by the fact that the role of progesterone in stimulating meningioma growth and 

progression has not been fully elucidated. Whilst the majority of meningiomas have been 

found to express progesterone receptors, no attempt has yet been made to examine their 

functional activity in relation to tumour growth.

This study has investigated whether meningioma cells may be directly stimulated by 

androgens or progestogens to enter the cell cycle, by testing for co-localisation of AR or PR 

with Mcm5. In all ten meningiomas examined, only around 1% of cells examined showed 

co-localisation of expression of either AR or PR with Mcm5 and there appears to be no 

direct correlation between the expression of these markers. These results suggest that steroid 

sex hormones may not act directly to stimulate tumour growth by causing cells to enter the 

cell cycle and that an indirect growth-promoting mechanism may be responsible.

5.2.5 Conclusion

In conclusion, this study has shown that the growth-promoting effect of steroid sex 

hormones on meningiomas is not induced directly by proliferation of cells expressing AR or 

PR. However, these hormones may still induce a growth-promoting effect on these tumours 

by stimulating an indirect proliferative effect on meningioma cells.
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Chapter 6

Improved identification of dysplastic and 
neoplastic cells in cytological preparations 
from the gastrointestinal, respiratory and 
urinary tract using antibodies against the 
MCM proteins
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6.1 A novel method for the detection of colorectal malignancy in faecal 

material using antibodies against minichromosome maintenance-2 

(Mcm2) protein

6.1.1 Introduction

6.1.1.1 Incidence of colorectal carcinoma

Colorectal carcinoma is the second most common cause of cancer death in the Western 

World, accounting for over 58,000 deaths per year in the United States and over 10,000 

deaths per year in England and Wales (Parkin et a l, 1988). Most cases occur in middle 

age, with a peak incidence of 62 years, and there is an equal sex distribution. Although 

incidence rates are high in Europe, Canada and Australia, substantially (up to 60-fold) 

lower rates of colorectal carcinoma are reported in Japan and Africa, suggesting a 

possible role for environmental factors in disease aetiology.

6.1.1.2 Risk factors

The cause and pathogenesis of colorectal carcinomas are related to both environmental 

and genetic factors:

6.1.1.2.1 Environmental factors

The most important aetiological factor in the development of colorectal carcinoma is 

thought to be a diet high in fat and refined carbohydrates and low in fibre and 

micronutrients (Potter et al., 1993). It is postulated that low fibre content in the diet leads 

to decreased stool bulk and increased faecal transit time, thereby altering the bacterial 

flora of the intestine. As a result, potentially toxic by-products of carbohydrate 

breakdown by bacteria are held in contact with the colonic wall for long periods of time 

and cause mucosal damage by release of oxygen free-radicals.

6.1.1.2.2 Genetic factors

Several genetic conditions predispose an individual to an increased risk of colorectal 

carcinoma, including ulcerative colitis (UC), familial adenomatous polyposis (FAP)
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syndrome and hereditary nonpolyposis colorectal carcinoma (HNPCC) syndrome. All of 

these conditions result in an affected individual having a 50-100% risk of developing 

colorectal carcinoma by the age of 50.

6.1.1.3 Clinical presentation

Colorectal carcinomas may remain asymptomatic for many years, with clinical 

symptoms often developing insidiously over the course of several months. The presenting 

features primarily depend on the site of occurrence of the lesion. Caecal and right-sided 

colonic lesions are often impalpable and present with symptoms of fatigue or weakness 

and signs of iron-deftciency anaemia. Left-sided colonic and rectal lesions usually present 

with changes in bowel habit and rectal bleeding, leading to earlier diagnosis. However, a 

significant proportion of all colorectal carcinomas are only detected when they cause 

secondary complications such as intestinal obstruction and perforation, by which time 

patient mortality is considerably increased.

6.1.1.4 Macroscopic appearance

Most colorectal tumours either form polypoid lesions extending into the lumen of the 

colon or ulcerative lesions that infiltrate the muscle wall. Polypoid lesions are more 

commonly seen in right-sided tumours, while left-sided tumours form annular, encircling 

lesions that produce a “napkin-ring” constriction of the colonic lumen. The cut surface of 

a colorectal carcinoma has a typical grey colour and a firm or gritty texture, although 

tumours with a high mucin content may have a gelatinous appearance.

6.1.1.5 Microscopic appearance

The majority of colorectal carcinomas are well differentiated or moderately 

differentiated adenocarcinoma, and secrete variable amounts of mucin depending on the 

extent of glandular differentiation seen within the tumour. The tumour cells represent a 

combination of columnar and goblet cells and their presence frequently elicits a strong 

inflammatory or desmoplastic reaction at the margins of the carcinoma. In a small 

percentage of cases, the cells may show neuroendocrine differentiation, and this feature is 

invariably associated with a poor prognosis.
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6.1.1.6 Immunohistochemistry

Colorectal carcinomas are usually positive for cytokeratin 20 but negative for 

cytokeratin 7. In addition, they often express carcinoembryonic antigen (CEA), a 

glycocalyx-related antigen, in tissue sections.

Although serum CEA levels are elevated in up to 97% of patients with advanced 

colorectal carcinoma, they often remain within the normal range in the early stages of 

invasive disease. As a result, measurement of serum CEA has not been advocated as a 

primary screening tool for detection of colorectal carcinoma, with its clinical application 

being limited to monitoring of therapy and detection of recurrences.

6.1.1.7 Prognosis

The outcome of colorectal carcinoma depends on several factors, including;

1) patient details (age and sex)

2) tumour characteristics (grade, stage, histological subtype, extent of inflammatory 

reaction, presence of vascular invasion)

3) molecular markers (loss of heterozygosity at chromosome 18q, K-RAS mutations)

6.1.1.8 Screening for colorectal carcinoma

The reported observation that colorectal carcinoma arises as a result of an accumulation 

of genetic alterations which occur over a period of many years, and often involves an 

intermediate dysplastic adenomatous phase, has led to attempts to identify these lesions at 

an early preinvasive stage of their formation (Vogelstein et a l, 1988). Two methods are 

currently being evaluated as potential screening modalities for the early detection of 

colorectal carcinoma:

6.1.1.8.1 Faecal occult blood (FOB) test

First proposed by Greegor in 1967, the FOB test has now become the most widely used 

primary investigation for colorectal carcinoma due to its low cost and high patient 

acceptability (Hardcastle et al., 1980; Walker et a l, 1991).
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The basic guaiac test depends on the chemical detection of the peroxidase activity of 

haemoglobin, present in stool samples from patients with colorectal carcinoma (Greegor, 

1967). However, the test also reacts positively to dietary sources of peroxidase and to the 

presence of blood in the stool from non-neoplastic lesions, leading to a large number of 

false-positive tests (Cuzick, 1999; Winawer et a l, 1997; Fleischer et al., 1991; Alison et 

al., 1996). The majority of these false-positive results are due to the presence of red meat 

and raw fruit and vegetables in the diet, with restriction of their intake reducing the false 

positive rate from between 10-20% to under 2% (Bassett et al., 1980).

Immunochemical tests for the detection of blood in faecal samples are also available. 

These involve the use of antibodies directed against the intact globin moiety of human 

haemoglobin (St John, 1990). However, whilst these immunological tests are more 

sensitive for the detection of neoplastic disease than conventional guaiac tests, they have 

a high false positive rate that makes then unsuitable for population screening (Armitage, 

1985).

Although FOB tests have been shown to have up to 90% sensitivity for colorectal 

carcinoma in some studies (Mandel et al., 1993), other studies have reported a sensitivity 

and specificity as low as 22% (Rozen et al., 1987; Kewenter et al., 1988; Allison et al., 

1990; Hope et al., 1996; Ahlquist, 1997). These discrepancies largely arise from 

differences in the type of FOB test used and the clinical state of the stool specimen, with 

rehydration of the stool sample leading to improved sensitivity but at the expense of a 

large number of false-positive tests (Cuzick, 1999).

A direct comparison of the sensitivity of FOB tests against that of endoscopic 

surveillance has been performed in several studies. Letsou et al. (1987) showed that, in 

500 patients who underwent FOB testing and subsequent colonoscopy, the FOB test was 

negative in 59% of patients found to have polyps on colonoscopy, and in 36% of patients 

found to have colorectal carcinomas. Similar findings have been reported in more recent 

studies comparing the utility of FOB tests with that of colonoscopy or 

proctosigmoidoscopy for the detection of colorectal carcinoma (Rasmussen et a l, 1999; 

Nakama et a l, 1999; Scheitel et a l, 1999).

A major reason for the poor sensitivity of the FOB test is that bleeding from colorectal 

adenomas and carcinomas is often intermittent and may only occur at a late stage in the 

disease history, leading to a significant false-negative rate for early lesions. The use of the 

FOB test as a screening test for colorectal neoplasms may thus result in a significant 

number of lesions being missed at an early curable stage.
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6.1,1.8.2 Endoscopic surveillance

Colonoscopic screening of asymptomatic adults has been advocated by the American 

Cancer Society as the gold standard test for primary screening of colorectal carcinoma 

(Dent et a l, 1989). It has been proposed that colonoscopy should be performed as a one- 

off screening test on all individuals aged over 60, with continued surveillance for patients 

in whom adenomatous polyps or carcinomas are detected (Lieberman, 1991). However, 

endoscopic screening on a population-based scale has not been widely adopted into 

clinical practice because of its high cost, low overall yield and low patient compliance 

(Dent et a l,  1989; Elwood et a l, 1995; Atkin et a l, 1999).

Flexible sigmoidoscopy may represent a more suitable approach as a primary screening 

tool, since this is less expensive and less traumatic than complete colonoscopy and 

approximately 60% of colorectal carcinomas are accessible using this approach (Cuzick, 

1999). However, this still involves an invasive and uncomfortable procedure and may 

pose a problem in terms of patient compliance if advocated as a screening tool for 

asymptomatic individuals. Furthermore, the evidence for this approach is based entirely 

on observational (case-control) studies and results from long-term randomised controlled 

clinical trials are still awaited.

In summary, the inherent technical limitations of both endoscopic surveillance and 

FOB testing has resulted in neither modality being implemented as a widespread, 

population-based screening method for the detection of colorectal carcinoma in 

asymptomatic patients.

6.1.19 New approaches to colorectal carcinoma screening

In recent years there have been attempts to isolate surface colonocytes from faecal 

material in patients with colorectal carcinoma, using either density gradient fractionation 

techniques (Iyengar et al., 1991; Albaugh et a l, 1992) or magnetic beads labelled with 

antibodies against epithelial surface antigens (Loktionov et a l, 1998). However, these 

frequently involve lengthy procedures, often resulting in the degradation of the isolated 

colonocytes and have not yet resulted in a commercially available test for the early 

detection of colorectal carcinoma.
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6.1.1.10 Aims

The aims of this study were to:

1. Isolate intact colonocytes in manual smear and antibody-labelled bead complex 

preparations of fresh faecal material from normal volunteers and patients with 

colorectal carcinoma

2. Assess the potential utility of antibodies against Mcm2 protein in the identification of 

neoplastic colonocytes, and in the distinction of these cells from normal colonocytes 

obtained from faecal smears of healthy volunteers

3. Confirm the cytological data obtained by examining the expression of Mcm2 protein 

in the matched histological resection specimen from each carcinoma patient

4. Compare the cell yield obtained from faecal samples of normal volunteers and 

patients with colorectal carcinoma using manual smear and bead complex techniques

6.1.2 Materials and Methods

6.1.2.1 Patient selection

Individuals selected for this study included healthy volunteers recruited from the 

general population (n=135) and a group of patients with known colorectal carcinoma 

attending surgical outpatient clinics (n=12). All participants were informed about the 

nature of the study at the time of recruitment, and consented to provide a faecal sample 

for research purposes. The study was carried out in accordance with guidelines 

established by the Local Research Ethics Committee, and patient confidentiality was 

maintained throughout.
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6.1.2.2 Faecal smears

6.1.2.2.1 Manual smear preparation

A fresh faecal sample was collected from each participant in the study and kept on ice. 

Two manual face smear preparations were made directly from the surface of the sample 

onto APES-coated slides and fixed with a commercial fixative spray (Surgipath cytology 

fixative). The resulting smears were then stored at 4°C until required.

6.1.2.2.2 Bead complex preparation

The remaining faecal sample was washed with 50ml of a dispersant solution containing 

ammonium thioglycolate and incubated with magnetic beads (Dynal AS, Oslo, Norway) 

coated with epithelium-specific antibodies (Loktionov et a l, 1998) for a minimum of 20 

minutes, as previously described. This procedure was performed by Ms. Nina Bailey, as 

part of a collaboration with Dr. Sheila Bingham at the Dunn Human Nutrition Unit, 

Cambridge.

6.1.2.2.3 Immunohistochemical staining

A standard protocol for the immunohistochemical staining of cytological specimens 

was performed as described in section 2.3.4. A hybridoma supernatant containing a 

mouse monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, Imperial 

College, London) was used at an optimal dilution of 1:15.

6.1.2.2.4 Analysis of staining

All stained slides were randomised and screened by two independent observers. Each 

slide was examined for the presence and total yield (number) of colonocytes, and for 

nuclear expression of Mcm2 protein. In some cases no cells were seen (section 6.1.3.2). 

In the remaining cases, at least ten colonocytes could be identified. These specimens were 

considered to represent an adequate sample of exfoliated colonocytes and were therefore 

assessed for the presence or absence of Mcm2.

Each slide was scored as positive or negative for Mcm2 expression. A Mcm2 labelling 

index (LI) was calculated as the percentage of immunopositive cells, using counts of 50-
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100 cells per slide. The results were subsequently correlated with the patient clinical 

information.

6.1.2.3 Colonic resections

For each patient with colorectal carcinoma, a formalin-fixed, paraffin-embedded block 

from the matched colonic resection specimen was selected. 5jam sections were cut onto 

APES-coated slides and stained for the expression of Mcm2 using the standard 

immunohistochemical protocol described in section 2.3.2. A hybridoma supernatant 

containing a mouse monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, 

Imperial College, London) was applied at an optimal dilution of 1:15.

6.1.3 Results

6.1.3.1 Mcm2 expression in colonic resection specimens

All 12 resection specimens for colorectal carcinoma showed expression of Mcm2 in a 

range of 80-90% of neoplastic cells, consistent with the results obtained from the faecal 

samples of the same cases (Figure 5. LIE). The Mcm2 expression extended to the surface 

layers of the neoplastic lesion in all 15 cases, with clusters of exfoliated immunopositive 

cells observed within the adjacent luminal space in four of these cases (Figure 5.1.1F,G).

6.1.3.2 Colonocyte isolation in faecal smears

Of 135 faecal specimens collected from healthy volunteers, 83 (60%) contained intact 

colonocytes in the manual smear and 53 (40%) in the bead complex preparations, 

consisting predominantly of single, scattered cells or colonocyte pairs (Table 6.1.1). The 

morphology of the colonocytes was well preserved in all cases, with the cells showing a 

characteristic columnar shape and a small central nucleus containing finely dispersed 

chromatin (Figure 6.1.1 A).

A similar yield was seen in samples from patients with colorectal carcinoma, with 

neoplastic cells visualised in eight of twelve (67%) manual smear and six of eleven (55%) 

bead complex preparations. In the remaining specimens, no neoplastic cells could reliably
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be identified, although occasional positively staining atypical cells, possibly representing 

single neoplastic cells, were visualised. The specimens from patients with colorectal 

carcinoma tended to have a greater number of neoplastic cell clusters and fewer 

individual scattered cells than samples from healthy volunteers. Their morphology was 

also different from that seen in normal colonocytes, and atypical cytological features 

including the presence of irregular, hyperchromatic nuclei, increased nuclear:cytoplasmic 

ratio and loss of cellular polarity could be identified in some cases (Figure 6.1. IB).

A comparison of manual smear and bead complex preparations showed that although 

bead complex preparations occasionally yielded larger cell clusters than manual smears, 

in some instances the more lengthy process resulted in degeneration of the cells and no 

intact colonocytes could be detected (Table 6.1.1, Table 6.1.2).

Table 6.1.1 Cell yield in manual smear and bead complex faecal preparations

Colonocyte

Yield

Manual smear 

from 

volunteers 

(n=135)

Bead complex 

from 

volunteers 

(n=135)

Manual smear 

from patients 

with colorectal 

carcinoma 

(n=12)

Bead complex 

from patients 

with colorectal 

carcinoma 

(n= ll)

Single cells ++ ++ + +

Paired cells + + ++ ++

Cell clusters - + + +

A semi-quantitative assessment of the colonocyte yield in manual smear and bead 

complex preparations. Single colonocytes are seen in faecal samples from normal 

volunteers whilst colonocyte pairs and clusters are more common in patients with 

colorectal carcinoma. - = 0 colonocytes, + = 10-20 colonocytes, ++ = over 20 colonocytes

6.1.3.3 Mcm2 expression in faecal smears

Immunocytochemical staining for Mcm2 protein was performed on all 135 samples 

from healthy volunteers and 12 samples from carcinoma patients. All eight manual smear 

samples from patients with colorectal carcinoma, which were considered to be adequate
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for cytological evaluation (section 6.1.2.2.4), showed strong expression of Mcm2 protein 

in greater than 90% of the neoplastic cells present. A few normal colonocytes (<5% of 

total cells) were also present in each sample, and these were negative for Mcm2.

Five of the six bead complex preparations containing adequate colonocytes for 

cytological evaluation showed immunoreactivity for Mcm2 in over 90% of neoplastic 

cells present. In the remaining case, the bead complex preparation had evidence of severe 

air-drying artefact and could not be interpreted reliably.

A similar yield of colonocytes and Mcm2 labelling index was obtained for carcinomas 

arising from all sites in the colon and rectum, and from tumours ranging from Dukes A to 

Dukes C stage (Table 6.1.2, Figure 5.1. ID). In contrast, the 83 cases from healthy 

volunteers were negative for Mcm2 protein expression in both the normal colonocytes 

and occasional inflammatory cells (Figure 5.1.1C).
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Table 6.1.2 Faecal smears/bead complexes from patients with colorectal carcinoma

Case Age Tumour
site

Tumour Faecal smear Bead complex
Grade Stage Colonocytes M cm 2 LI Colonocytes M cm 2 LI

1 56 CAECUM MOD
DIFF

DUKES
B

PRESENT 80% PRESENT AIR
DRIED

2 63 RIGHT
COLON

MOD
DIFF.

DUKES
B

PRESENT 75% PRESENT 70%

3 78 RIGHT
COLON

MOD
DIFF.

DUKES
A

PRESENT 80% PRESENT 80%

4 70 LEFT
COLON

MOD
DIFF.

DUKES
B

PRESENT 80% PRESENT 70%

5 73 RECTUM MOD.
DIFF.

DUKES
B

PRESENT 85% PRESENT 80%

6 72 RECTUM MOD.
DIFF.

DUKES
B

PRESENT 75% PRESENT 85%

7 58 RECTUM MOD.
DIFF.

DUKES
A

PRESENT 70% ND+ -

8 75 CAECUM MOD.
DIFF.

DUKES
B

PRESENT 80% ABSENT -

9 56 CAECUM MOD.
DIFF.

DUKES
B

ABSENT - ABSENT -

10 59 LEFT
SIDE

MOD.
DIFF.

DUKES
C

ABSENT - ABSENT -

11 78 RECTO
SIGMOID

MOD.
DIFF.

DUKES
C

ABSENT - ABSENT -

12 72 RECTUM POOR
DIFF.

DUKES
B

ABSENT - ABSENT -

LI labelling index

Results obtained from 12 patients with colorectal carcinoma. Neoplastic cells were 

successfully identified from fresh faecal smears and bead complex preparations in the 

majority of adequate specimens (over 10 colonocytes in each case). Mcm2 was expressed 

in 70-85% of these cells. The remaining specimens did not contain any intact cells and 

were regarded as being inadequate for cytological examination.

^ND = not done (residual sample too small for bead complex preparation)

Summary;

Face smears 

Bead complexes

Cells present 

8/12 

6/11

Mcm2 staining 

8/8 

5/6
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FIGURE 6.1.1 Expression of MCM proteins in histological and cytological
specimens from the colon
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A. Pap stain  o f  norm al co lonocyte show ing  the characteristic  co lum nar shape and sm all regu lar nucleus 
(x400 m agnification)

B. Pap stain  o f  neoplastic  colonocytes show ing irregular outline and increased nuclearicy top lasm ic ratio 
(x400 m agnification)

C. N orm al co lonocytes from  a healthy  volunteer do not express M CM  pro teins (x300 m agnification)
I). In con trast, neoplastic  co lonocytes show  strong expression o f  M cm 2 protein. T he cells can be detec ted  in a 

fresh faecal sm ear from  a patient with m oderately  d ifferentiated  adenocarcinom a o f  the colon 
(x300 m agnification). T he an tibody-coated  m agnetic beads used to isolate the co lonocy tes can be seen in the 
background.

E. T he m atched colonic  resection specim en from a patient w ith m oderately d ifferen tia ted  adenocarcinom a
o f  the colon (F igure D) show s M CM  expression  that extends to the surface o f  the neoplasm  (x200 m agnification)

F.-G. E xfoliated  neoplastic  cells from  the sam e specim en can be seen in the lum inal space in the h isto logical section. 
The m ajority  o f  these cells show  strong expression o f  M cm 2 (x200, x400 m agnification)
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6.1.4 Discussion

Early attempts at faecal cytology have been limited by methodological factors, leading 

to a low yield of intact colonocytes and problems with contamination from faecal debris 

and bacterial colonies. In a study of 87 patients with colorectal carcinoma, colonocytes 

were successfully isolated for cytological evaluation in 80% of cases, but only after 

subjecting the patients to extensive cleansing of the colon followed by a diagnostic enema 

(Raskin and Pleticka, 1971). The isolation of colonocytes has also been achieved from 

faecal material in normal healthy volunteers by using a density gradient fractionation 

technique (Iyengar et a l, 1991, Albaugh et a l, 1992). However, this entails a lengthy and 

complicated procedure, and has not led to a clinically useful diagnostic test for the 

detection of colorectal carcinoma. Furthermore, delays in sample collection and the use of 

lengthy protocols for the processing of faecal specimens have accounted for many of the 

problems encountered in these studies, since colonocyte viability in a fresh faecal sample 

decreases rapidly with time (Loktionov et a l, 1998).

More recently, studies have examined the potential utility of detecting K-RAS 

mutations in DNA extracted from stools of colorectal carcinoma patients (Sidransky et 

al., 1992; Smith-Ravin et a l, 1995; Nollau et a l, 1996; Villa et a l, 1996). The diagnostic 

value of such approaches is, however, limited by the fact that K-RAS mutations are only 

detected in a minority of colorectal carcinomas. The most frequently mutated gene in 

these tumours is ARC (Kinzler and Vogelstein, 1996; Bodmer 1997), but this has a 

complex structure and displays a variable mutation spectrum that makes mutational 

analysis difficult in terms of cost efficiency and effort, and has not been clinically 

attempted to date.

In this study, direct manual face smear and antibody-coated bead complex (Loktionov 

et a l, 1998) techniques have been used to isolate colonocytes in fresh faecal samples 

from normal healthy volunteers and patients with colorectal carcinoma. This combined 

technique differs from other methods for the detection of colonocytes, by allowing the 

isolation of cells from the surface of the faecal sample rather than the whole specimen. 

The stool surface is more likely to contain viable cells than the remainder of the stool 

sample since it includes cells most recently shed from the colonic mucosa. Surface cells
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show the least amount of degenerative change, and are sufficiently well preserved to 

allow identification of their morphological features. In contrast, cells from the centre of a 

stool sample often show severe degenerative change, making them difficult to distinguish 

from bacterial colonies or decaying vegetable matter. As a result, the preparation of a 

surface face smear or bead complex preparation from a faecal sample has the theoretical 

advantage of isolating the most viable cells in the specimen, whilst reducing the level of 

contaminating bacteria and debris obtained from the rest of the sample.

The results of the histological component of the current study provide confirmatory 

evidence for the cytological findings obtained, by showing that Mcm2 expression is seen 

in cells at the surface of dysplastic and neoplastic lesions in colonic resection specimens. 

In particular, since four of the cases were found to contain clusters of immunopositive 

cells in the luminal space, this illustrates the principle that Mcm2-expressing colonocytes 

exfoliated into the colonic lumen may be identifiable from cytological examination of 

faecal material in these patients.

The results of the cytological component of the study illustrate that it is possible to 

obtain successful isolation of colonocyte clusters in 60% of faecal samples from normal 

volunteers and 67% of samples from patients with colorectal carcinoma, by using simple 

manual faecal smears. Similarly, colonocytes may be isolated in 40% of bead complex 

preparations from normal volunteers and 55% of patients with colorectal carcinoma. In 

particular, the specimens can be obtained without the need for any prior treatment of the 

colon and the procedure is noninvasive, which is likely to lead to improved patient 

compliance. Moreover, neoplastic cells can be easily identified in all eight faecal manual 

smears and five out of six bead complex preparations from patients with colorectal 

carcinoma that were adequate for cytological examination, and distinguished from normal 

and degenerate colonocytes, by virtue of their strong expression of Mcm2 protein (Table 

6.1.2). In the remaining bead complex preparation, the presence of air-drying artefact 

prevented reliable interpretation of the immunostained slide.

Although it was found that bead complex preparations were able to isolate large 

clusters of neoplastic colonocytes in some specimens from patients with colorectal 

carcinoma, the lengthy technique involved often leads to rapid degeneration of the cells 

and in some cases no intact colonocytes could be detected. However, possibilities for the 

improvement of this antibody-coated isolation method are currently being investigated 

and may result in the improved sensitivity of this test.
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An immunoenhanced cytological approach to the detection of neoplastic cells from 

colorectal lesions is not only quick and cost-effective but also allows identification of 

Mcm2-expressing cells from adenocarcinomas arising on the right side of the colon, as 

well as those from the distal colon and rectum. A possible explanation for this finding 

may be that the presence of a right-sided colorectal carcinoma acts as a positive stimulus 

for peristaltic activity of the colon, leading to increased exfoliation of tumour cells from 

the surface of the tumour and a rapid faecal transit time. The resulting process may enable 

neoplastic colonocytes exfoliated from right-sided carcinomas to be sufficiently well 

preserved for detection in smears from fresh faecal material. This is of vital importance to 

the early detection of colorectal carcinoma, since caecal and right-sided colonic 

carcinomas often remain asymptomatic. In these cases, the identification of neoplastic 

cells in faecal material may enable earlier diagnosis and colonoscopic investigation to be 

performed before clinical symptoms become apparent.

6.1.5 Conclusion

Although these results require validation in a larger series of cases, they show that in 

all cases of colorectal carcinoma from which viable colonocytes can be successfully 

isolated, antibodies against Mcm2 protein are able to detect neoplastic cells with high 

sensitivity and specificity. This data suggests that antibodies against Mcm2 protein may 

have potential utility in the detection of colorectal carcinoma in faecal material, and may 

play a role in population-based primary screening programmes for the detection of 

colorectal carcinoma by identifying patients in need of colonoscopic investigation.

183



6.2 Improved detection of lung carcinoma in cytological specimens from 

the respiratory tract using antibodies against minichromosome 

maintenance-2 (Mcm2) protein

6.2.1 Introduction

6.2.1.1 Lung carcinoma

Lung carcinoma is one of the commonest causes of death from cancer in the Western 

World (Sing et a l,  1997). In the UK, it has the highest incidence of all malignant tumours 

and is responsible for 35% of cancer deaths in men and 7% of deaths from all causes. 

Although lung carcinoma most commonly occurs in men aged between 40 and 70 years, with 

an annual UK incidence of 50 cases / 100,000 population, the incidence in women is now fast 

approaching that seen in men, rising from 4.5 to 31 / 100,000 population since 1950 (Boring 

et a l, 1993).

6.2.1.2 Link with cigarette smoking

6.2.1.2.1 Epidemiological evidence

Statistical studies have produced overwhelming evidence for a positive correlation 

between cigarette smoking and lung carcinoma. The link was first established in the early 

1950s by several retrospective studies comparing the smoking habits of a large group of 

patients with lung cancer with those of a matched control group. The results showed that the 

majority of patients with lung carcinoma were heavy cigarette smokers, and that the 

incidence of the disease in nonsmokers was very low (Doll and Hill, 1950; Wynder and 

Graham, 1950).
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Subsequent prospective studies confirmed the presence of a strong link between smoking 

and the development of lung carcinoma. In particular, a prospective study conducted in the 

1950s on a group of 40,000 British doctors provided clear statistical evidence of a link 

between cigarette smoking and death from lung carcinoma (Doll and Hill, 1956). The authors 

showed that the increase in risk for lung carcinoma was dependent on the frequency and 

duration of smoking, with individuals smoking 40 cigarettes per day for five years having a 

20-fold increased risk of developing lung carcinoma compared to nonsmokers (Doll and Hill, 

1964). Although cessation of smoking reduces the risk of subsequent lung carcinoma, this 

only returns to control levels after a period of ten years (Samet et al., 1993).

6,2.1.2.2 Clinical evidence

The clinical evidence for the link between cigarette smoking and lung carcinoma has been 

obtained largely through observing histological changes in the lining epithelium of the 

respiratory tract in smokers. A study of bronchial respiratory epithelium has shown that 

metaplastic or atypical cytological changes occur in up to 97% of smokers, compared with 

only 1% of non-smokers (Auerbach et a l, 1961). In particular, squamous cell dysplasias and 

invasive squamous carcinomas are often found in adjacent areas of the same lung in smokers. 

Furthermore, experimental work in rats has shown that it is possible to induce squamous 

dysplasias and carcinomas of the lung by exposure to components of tobacco smoke 

(Marchevsky, 1990).

As a result of these combined statistical and clinical observations, smoking has been 

shown to be a major risk factor for all types of lung carcinoma, with the strongest association 

being seen for squamous cell carcinoma and the weakest for adenocarcinoma (Morabia et a l,

1991).

6.2.1.3 Clinical presentation

Lung carcinomas may arise anywhere in the lungs and their clinical presentation and 

course of disease varies according to the anatomical site of the lesion. Central tumours cause 

obstruction of the major airways, leading to partial collapse of the lung and development of
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obstructive bronchopneumonia. Peripheral tumours, in contrast, may cause pleuritic chest 

pain by invading into the adjacent chest wall, but usually remain asymptomatic and are only 

discovered incidentally on a chest X-ray. In some cases, the presence of a primary lung 

carcinoma is only detected when métastasés are located in the liver or when paraneoplastic 

effects occur, for example as a result of ectopic hormone secretion from a small cell lung 

carcinoma.

6.2.1.4 Macroscopic appearance

A typical lung carcinoma has the characteristic gross appearance of a pale, firm mass 

arising from the bronchial lumen. The tumour often infiltrates into the adjacent lung 

parenchyma and contains focal areas of haemorrhage and necrosis. In some cases, the tumour 

may extend to the pleural surface of the lung, with involvement of tracheal, bronchial or 

mediastinal lymph nodes in about 50% of cases.

Central and peripheral lung carcinomas have similar external features, but may differ in 

the appearance of their cut surface, as the majority of peripheral tumours are 

adenocarcinomas and may show evidence of abundant mucin secretion.

6.2.1.5 Histological subtypes

The use of a classification system for different histological variants of lung carcinoma has 

been a subject of debate for many years, since most tumours exhibit features of more than 

one histological subtype (Reid and Carr, 1961). However, significant differences in the 

clinical behaviour and treatment response of different tumour subtypes makes lung 

carcinoma classification of therapeutic importance (Shields et a l, 1975). The most widely 

accepted classification system is based on the recommendations of the World Health 

Organisation (1982) and divides lung carcinomas into four distinct histological subtypes:
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a) Squamous cell carcinoma (SCC):

s e e  is the most common type of lung carcinoma, accounting for up to 40% of all cases. It 

occurs predominantly in men over the age of 40, and shows a strong correlation with 

frequency and duration of cigarette smoking (Auerbach et a l, 1991).

s e e s  tend to arise in large central bronchi and have a propensity to rapid local invasion, 

with features of central necrosis and cavitation, rather than distant metastatic spread. In 

many cases, areas of squamous metaplasia or dysplasia can be found adjacent to the primary 

tumour mass, and may represent a field change induced by exposure to carcinogens in 

tobacco smoke (Black and Ackerman, 1952).

Characteristic histological features are often seen in well-differentiated tumours, including 

the presence of keratin and intercellular bridges, and enable a firm diagnosis of SCC to be 

made. However, many poorly differentiated tumours do not exhibit these specific features 

and may be difficult to distinguish from large cell carcinomas of the lung.

b) Adenocarcinoma:

This is the most common type of lung carcinoma in women, and the predominant form of 

lung cancer found in male nonsmokers (Charloux et a l, 1997). The lesions tend to occur at 

the periphery of the lung and vary from well-differentiated tumours, with obvious glandular 

elements, to solid tumour masses with only occasional mucin-producing glands and cells. 

Mucin production can be detected immunohistochemically in up to 80% of cases of lung 

adenocarcinoma.

The majority of lung adenocarcinomas have been shown to include mutations in TP53 and 

K-RAS genes, suggesting that these genetic alterations are an early and irreversible event in 

the formation of this tumour type (Li et a l, 1994; Westra et a l, 1993).
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c) Small cell carcinoma:

This highly malignant form of lung carcinoma can be recognised by its distinctive cell 

morphology. The tumour cells are generally small, with scanty cytoplasm and round nuclei, 

and bear some resemblance to lymphocytes. However, they often show characteristic features 

of mild nuclear pleomorphism and nuclear moulding. Examination of these cells by electron 

microscopy reveals the presence of dense neurosecretory granules, similar to those seen in 

the normal neuroendocrine (Kulchitsky) cells of bronchial epithelium. This observation 

accounts for the fact that small cell lung carcinomas are often linked with paraneoplastic 

syndromes, due to ectopic production of hormones such as antidiuretic hormone (ADR) or 

adrenocorticotrophic hormone (ACTH). These tumours can also be detected 

immunohistochemically using antibodies against synaptophysin, chromogranin and neuron- 

specific enolase (Bergh et al., 1985; Sheppard et a l, 1984).

Small cell carcinomas generally have a poor prognosis and are the most aggressive type of 

lung carcinoma, being virtually incurable by surgical means but responsive to some forms of 

chemotherapy.

d) Large cell carcinoma:

Undifferentiated large cell tumours of the lung are pleomorphic carcinomas without 

definite evidence of either squamous or glandular differentiation (Ishida et a l, 1990; 

Shimosato et a l, 1981). These tumours probably do not represent a specific entity but are 

rather poorly differentiated forms of squamous cell carcinoma and adenocarcinoma (Yesner, 

1985). Electron microscopic studies support this view by showing the presence of 

intracellular and extracellular lumina in many cases of large cell carcinoma (Churg, 1978; 

Hammond and Sause, 1985). These tumours are usually composed of solid sheets of 

anaplastic cells with pleomorphic, multilobed nuclei. Giant cell, spindle cell and clear cell 

variants are also recognised and often lead to a poorer prognosis.
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Although the WHO classification system provides useful clinical information regarding 

the aetiology and clinical presentation of lung carcinomas, it has been found to be of less 

value in predicting their biological behaviour and response to treatment. Studies investigating 

the use of different modalities in the treatment of lung carcinoma have found that SCCs, 

adenocarcinomas and large cell carcinomas of the lung are most amenable to surgical 

excision, whilst small cell carcinomas respond more favourably to chemotherapy (Mayer et 

al., 1982). This has led to the widespread use of a classification system based on treatment 

modality of choice, which subdivides primary neoplasms of the lung into small cell (SCLC) 

and non-small cell (NSCLC) lung carcinomas (Cotran et al., 1999).

6.2.1.6 Prognosis

The long-term survival of patients vWth lung carcinoma is poor, since the majority of 

tumours are only discovered once they have spread to regional lymph nodes or distant sites. 

In a series of 1008 cases of lung carcinoma treated at a single institution between 1948 and 

1955, the 5 year survival was 21.3% for resected cases and only 8% overall (Burford et al., 

1958). Similar low rates of survival have been reported in more recent studies (Huhti et al., 

1981; Nou, 1984).

Prognosis is influenced by an interaction of:

1) patient factors (age, sex)

2) tumour characteristics (stage, grade, histological subtype, blood vessel invasion, 

amplification o ï K-RAS in NSCLC andM TC-#in SCLC).
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6.2.1.7 Cytological detection of lung carcinoma

A cytological approach to the detection of lung carcinoma using sputum samples has been 

in routine clinical practice since it was first described in the early 1940s (Wandall, 1944). It 

has been reported that premalignant, atypical bronchial epithelial cells may be identified in 

the sputum years before a clinically detectable lung carcinoma becomes apparent 

(Saccomanno et a i,  1974). In routine clinical practice, however, sputum cytology is 

complicated by inherent methodological factors regarding both the adequate sampling and 

accurate assessment of neoplastic cells within a sputum specimen. The resulting low 

detection rate of lung carcinoma makes the cytological assessment of sputum unsuitable as a 

primary population-based screening tool for asymptomatic smokers, and its use is restricted 

to the diagnostic assessment of patients presenting with clinical symptoms of disease.

6.2.1.7.1 Sampling problems

A  significant number of sputum samples received in the pathology laboratory are 

inadequate for cytological diagnosis, either due to incorrect sample collection or 

contamination by oral flora and debris. In fact, even for patients with clinical evidence of 

advanced lung carcinoma, cytological evaluation of a single sputum specimen will only 

contain identifiable neoplastic cells in about 40% of cases, rising to 80% when five 

consecutive specimens are examined (Fontana, 1962).

A sputum sample should only be considered adequate for cytological examination if it 

contains the following cell types:

1) Pulmonary macrophages

These cells are present in the alveolar spaces of a normal lung and should be seen in a 

cytological specimen from the respiratory tract before the sample can be considered 

satisfactory for examination. They are small cells, with round nuclei and foamy cytoplasm 

that often includes carbon pigment. Although present in sputum and bronchial washings, they 

are seen less commonly in bronchial brushings.
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2) Columnar respiratory epithelial cells

Normal bronchial epithelium is composed of pseudostratified, ciliated columnar epithelial 

cells interspersed with goblet cells. The benign nature of these cells can be distinguished 

from their small, regular nuclei and the presence of cilia on the columnar cells.

Many studies have been performed over the last thirty years to investigate the sensitivity of 

sputum cytology for the diagnosis of lung carcinoma (Table 6.2.1). These have produced 

widely varying results, with reports of the sensitivity of sputum cytology ranging from 39%- 

85% in central and 14%-85% in peripheral lung tumours (Fontana et a l, 1984; Tanaka et a l, 

1985; Booking et al., 1992). The main factor for the discrepancy in these results is thought to 

be due to differences in methods of sample collection and fixation, which can significantly 

affect both the yield and quality of each specimen (Sing et a l, 1997).

The introduction of bronchoscopy in the 1970s enabled the collection of cytological 

samples directly from the tumour site using brushing or washing techniques, and has led to 

improvements in the yield of tumour cells from lung carcinomas (Table 6.2.2). Studies 

examining the utility of brush cytology for early diagnosis of lung carcinoma have reported 

increased sensitivity, ranging from 37% to 98% (Fraire et a l, 1991; Shroff, 1985). Moreover, 

11 of 12 studies comparing the sensitivity of sputum and brush cytology for the detection 

lung carcinoma found much higher sensitivity in brushing samples (Table 6.2.3). However, 

despite these improvements, almost 30% of samples from the respiratory tract, including 

bronchial washings and brushings, continue to be unsatisfactory for cytological diagnosis, 

due to a complete lack of alveolar macrophages or respiratory epithelial cells (Tockman et 

a l, 1994).
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Table 6.2.1

Sensitivity of sputum cytology in the diagnosis of lung carcinoma

Author Central tumours Peripheral tumours

Positive Cases Sensitivity Positive Cases Sensitivity

Jennings (1953) - - 27/42 64.3%

Umiker (1960) 41 /6 4 64.1% 22 /36 61.1%

Kern (1968) 37/51 72.5% 20/46 43.5%

Dahlgren (1972) 21 /3 7 56.8% 5 /2 9 17.2%

Rosa (1973) 155/188 82.5% 53/110 48.2%

Gagneten (1976) 32 /46 69% 27/59 45.8%

Droese (1978) 23 /4 7 48.9% 42/100 42%

Clee(1981) 127/229 55% 26/80 32.5%

McDougall (1981) - - 15/101 14.9%

Lundgren (1983) - 67% - 38%

Ng(1983) 136/160 85% 17/41 41.5%

Fontana (1984) 25/41 60% 7 /5 0 14%

Kawachi (1985) 45 /53 85% 16/28 57%

Tanaka(1985) 13/33 39% 14/54 26%

Liang (1989) 38 /4 9 77% 80/112 71.4%

Matsuda (1990) 62 /74 83.8% 20/31 64.5%

Booking (1992) 113/132 85.6% 61/72 84.7%

Total (Mean) 1077 /1525 (70.6%) 546/1180 (46.3%)

A review of the literature (from Sing et al., 1997) shows that the sensitivity of sputum 

cytology for the diagnosis of lung carcinoma varies from 15%-85%, depending on the 

location of the tumour and differences in cytological sample preparation in different 

laboratories. The highest and lowest values for central and peripheral tumours are shown in 

red.
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Table 6.2.2

Sensitivity of brush cytology in the diagnosis of lung carcinoma

Author Positive cases Sensitivity

Fennessy (1970) 83/117 70.9%

Bibbo (1973) 157/224 70.1%

Zavala (1973) 46 /52 88.5%

Solomon (1974) 4 1 /4 6 89.1%

Bedrossian (1976) 38 /50 76%

Kvale (1976) 60 /93 64.5%

Chopra (1977) 44/51 86.3%

Stringfield (1977) 50/107 46.7%

Chaudhary (1978) 56/114 49.1%

Holbro(1978) 72 / 240 30%

Jay (1980) 29 /49 59.2%

Pederson (1981) 4 3 /6 2 69.4%

Pilotti (1982) 248 / 370 67%

Shroff(1985) 43 /44 97.7%

Tanaka (1985) 107/140 76.4%

Truong (1985) 76/100 76%

Liang (1989) 2 /5 40%

Fraire (1991) 29 /78 37.2%

Total (Mean) 1534/2328 (65.9%)

A review of the literature shows that the sensitivity of bronchial brushing specimens for the 

detection of lung carcinoma varies from 30%-98%, resulting in a potentially large number of 

false-negative diagnoses in some institutions. The highest and lowest values are shown in 

red.
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Table 6.2.3

A comparison of sputum and brush cytology in the diagnosis of lung carcinoma

Author Sensitivity

Sputum Brushing

Bibbo (1973) 2 7 / 160(17%) 157/224 (70%)

Skitarelic (1974) 23 / 32 (72%) 18/20 (90%)

Bedrossian (1976) 28 / 50 (56%) 38 / 50 (76%)

Chopra (1977) 24/51 (47%) 44/51 (86%)

Chaudhary (1978) 2 8 / 114(25%) 56/ 114(49%)

Holbro (1978) 74/127 (58%) 32/107 (30%)

Jay (1980) 29 / 58 (50%) 29 /49  (59%)

Lundgren (1983) 33 / 52 (63%) 39 /60  (65%)

Tanaka(1985) 27 /87  (31%) 107/ 140 (76%)

Truong(1985) 60 / 100 (60%) 76/ 100 (76%)

Liang (1989) 118/161 (73%) 2 / 5 (40%)

Fraire (1990) 14/51 (28%) 29 / 78 (37%)

Total (Mean) 485 /1043 (47%) 633 /1003 (63%)

Eleven of twelve comparative studies report a higher sensitivity for bronchial brushing 

specimens than sputum in the cytological assessment of lung carcinoma. Only Holbro (1978), 

shown in red, suggests that sputum cytology is more reliable than bronchial brushing 

cytology, possibly reflecting differences in the methods of sample preparation and fixation 

employed in different laboratories
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6.2.1.7.2 Cytological assessment

The discrimination of neoplastic cells from reactive or degenerative respiratory epithelial 

cells showing similar morphological features can be a major problem in the cytological 

assessment of sputum samples. Inflammatory or infective lung processes, including asthma, 

lung abscess and pneumonia, can result in the appearance of atypical cytological features in 

bronchial respiratory epithelial cells. In particular, reactive cells may show nuclear 

pleomorphism and irregularity, multinucleation and loss of cilia, and mimic the 

morphological features of dysplastic and neoplastic lesions (McKee, 1997).

A recent cytological study performed on 415 patients with known lung carcinoma, 

confirmed on bronchoscopic biopsy, reported positive identification of neoplastic cells in 

only 40% of sputum and 50% of bronchial brushing specimens. The remaining sputum and 

bronchial brushing samples were reported either as “not diagnostic” or of “doubtful 

significance” due to the presence of cells whose morphological features could not be 

attributed to either neoplastic or non-neoplastic causes with any degree of certainty (Sing et 

al., 1997). Moreover, false-positive diagnoses in pulmonary cytology samples have also been 

reported in patients with pulmonary infarcts, bronchiectasis, viral pneumonias and mycotic 

infections, often with macrophages and reactive alveolar lining cells being mistaken for 

malignant cells (Scoggins et a l, 1977, Ritter et al., 1995).

Although cytological features of malignancy are helpful in the distinction of neoplastic and 

non-neoplastic cells in the majority of cytological specimens from the respiratory tract, a 

significant percentage of specimens show evidence of reactive or degenerative changes that 

may resemble features seen in neoplastic cells. In these cases, the use of morphological 

criteria is not sufficient to enable the accurate distinction of reactive from neoplastic cells, 

and the availability of biological markers to facilitate this distinction may be of potential 

value in the improved examination of these cytological specimens.
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6.2.1.8 Aims

The aims of the study were to:

1. Evaluate the pattern of Mcm2 protein expression in a range of neoplastic and non

neoplastic lung lesions, using a series of 100 histological specimens

2. Investigate the potential utility of antibodies against Mcm2 protein in the assessment of 

over 100 cytological specimens from the respiratory tract, particularly in the distinction 

between reactive and neoplastic cells

6.2.2 Materials and Methods

6.2.2.1 Histopathological study

6.2.2.1.1 Case selection

A representative formalin-fixed, paraffin-embedded block was selected from 100 cases of 

histological lung specimens stored in the archives of the Histopathology Department of 

Addenbrooke’s Hospital NHS Trust, Cambridge. These included cases of normal lung, 

inflammation, chronic obstructive airway disease, squamous dysplasia of varying grade, 

typical carcinoid, small cell and non-small cell carcinoma (Table 6.2.4). The study was 

performed in accordance with the guidelines set by the Local Research Ethics Committee, 

and patient confidentiality was maintained throughout.

6.2.2.1.2 Immunohistochemistry

A standard protocol for the immunohistochemical staining of formalin-fixed, paraffin- 

embedded tissues was performed as described in section 2.3.2. A hybridoma supernatant 

containing a mouse monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, 

Imperial College, London) was used at an optimal dilution of 1:15.
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Table 6.2.4 Summary of cases in histological study

Diagnosis Number of 

cases

Normal lung 29

Acute inflammation 10

Emphysema 7

Typical carcinoid 4

Mild squamous cell dysplasia 1

Moderate squamous cell dysplasia 1

Severe squamous cell dysplasia 2

Squamous cell carcinoma 24

Small cell carcinoma 12

Adenocarcinoma 10

Total 100

6.2.2.1.3 Quantitation of staining

All stained slides were reviewed by a single blinded observer and assessed for Mcm2 

expression in either bronchial respiratory epithelial cells or dysplastic/neoplastic cells present 

in the specimen. Expression of Mcm2 in other cell types was also examined. A Mcm2 

labelling index (LI) was calculated as the percentage of epithelial cells expressing Mcm2, 

using a minimum count of 200 nuclei per section.
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6.2.2.2 Cytological study

6.2.2.2.1 Case selection

A total of 119 respiratory cytology specimens (35 sputum samples and 84 bronchial 

brushings) were obtained from patients attending bronchoscopy clinics at Addenbrooke’s 

Hospital NHS trust and local collaborating hospitals. The study was performed in accordance 

with the guidelines set by the Local Research Ethics Committee, and patient confidentiality 

was maintained throughout.

In each case, cytological and / or histological samples were taken for routine diagnostic 

purposes. A further test smear was then made for each patient from the remaining sputum or 

brushing specimen after the diagnostic smear had been prepared and before any biopsies 

were taken. The resulting cytological preparations were fixed either with a commercial 

fixative spray (Surgipath) or with an in-house alcohol-based fixative.

6.2.2.2.2 Immunocytochemistry

A  standard protocol for the immunocytochemical staining of cytological specimens was 

performed as described in section 2.3.4. A hybridoma supernatant containing a mouse 

monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, Imperial College, 

London) was used at an optimal dilution of 1:15.

6.2.2.2.3 Quantitation of staining

All stained slides were assessed by a single blinded observer and scored as positive or 

negative for the expression of Mcm2. Results were subsequently correlated with the 

clinicopathological diagnosis made by routine cytology and by subsequent histology where 

available.
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6.2.3 Results

6.2.3.1 Histological study of bronchial epithelium and carcinoma (Table 6.2.5)

6.2.3.1.1 Normal lung

In all 29 cases of normal lung tissue the expression of Mcm2 was seen to be restricted to 

the basal nuclei of the pseudostratified columnar respiratory epithelium, with no expression 

seen in the more superficial nuclei or in inflammatory cells in the submucosa (Figure

6.2.1 A). The mean LI for Mcm2 expression in bronchial respiratory epithelium was 10%, 

with a range of 4-12%.

6.2.3.1.2 Inflamed and emphysematous lung

Ten lung specimens showing features of acute inflammation and seven cases showing 

emphysematous change were found to express Mcm2 protein in around 15% of respiratory 

epithelial cells. Expression of Mcm2 was restricted to basal and occasional parabasal nuclei, 

but was not found in more superficial nuclei or in surrounding inflammatory cells.

6.2.3.1.3 Squamous cell dysplasia

Four cases of squamous cell dysplasia without malignancy were examined. There were 

two cases of severe dysplasia, one of moderate dysplasia and one of mild dysplasia. The 

percentage of respiratory epithelial cells expressing Mcm2 was 41% in mild dysplasia, 60% 

in moderate dysplasia and 77%-89% in severe dysplasia. The distribution of the cells 

expressing Mcm2 expression correlated with the degree of dysplasia, with expression in the 

majority of cells in the surface layers of moderately and severely dysplastic epithelium 

(Figure 6.2. IB).
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6.2.3.1.4 Typical carcinoid

Four cases of typical carcinoid showed expression of Mcm2 protein in a mean of 15% of 

cells, with a range of 10-25%.

6.2.3.1.5 Carcinomas

A total of 46 primary lung carcinomas, including 24 SCCs, 12 small cell carcinomas and 

10 adenocarcinomas, were included in the study. All 46 cases of carcinoma showed strong 

expression of Mcm2 in over 80% of neoplastic cells (Table 6.2.5, Figure 6.2.1C,D). No 

difference was seen in the frequency of expression of Mcm2 between cases of SCC, 

adenocarcinoma or small cell carcinoma. In four cases of SCC showing adjacent areas of 

severe squamous cell dysplasia, expression of Mcm2 was also seen in around 90% of cells in 

the dysplastic respiratory epithelium, including the surface layers.

Table 6.2.5 Mem 2 staining in histological sections

Diagnosis Number of 

cases

MCM labelling index

Mean Range

Normal lung 29 10% 4-12%

Acute inflammation 10 15% 7-19%

Emphysema 7 15% 5-22%

Typical carcinoid 4 15% 10-25%

Mild squamous cell dysplasia 1 41% -

Moderate squamous cell dysplasia 1 60% -

Severe squamous cell dysplasia 2 83% 77-89%

Squamous cell carcinoma 24 90% 82-95%

Small cell carcinoma 12 95% 90-99%

Adenocarcinoma 10 95% 88-99%

Total 100
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6.2.3.2 Cytological study (Table 6.2.6)

6.2.3.2.1 Non-neoplastic specimens

Of the 76 cases diagnosed as having no malignant cells on routine cytology, 68 were found 

to be negative for Mcm2 in both respiratory epithelial cells and inflammatory cells (Figure 

6.2. IE). The percentage of the specimens that originated from smokers was not known. The 

remaining eight cases were negative for Mcm2 expression in epithelial cells, but expressed 

Mcm2 in occasional (<5%) mononuclear cells within the specimen. The non-neoplastic 

nature of these immunopositive cells was identifiable from their nuclear morphology.

6.2.3.2.2 Specimens containing atypical cells

Seven cases diagnosed as containing atypical or suspicious cells on routine cytology, 

showed expression of Mcm2 protein in over 80% of atypical cells present in the test smear. 

There was no expression of Mcm2 in the adjacent normal bronchial respiratory epithelial 

cells or in pulmonary macrophages. A histological examination of accompanying or 

subsequent biopsy tissue revealed that these cases represented one small cell and six non

small cell carcinomas.

6.2.3.2.3 Carcinomas

All 36 cases diagnosed as containing carcinoma cells on routine cytology were found to 

contain clusters and single dispersed malignant cells, with strong expression of Mcm2 in over 

80% of the neoplastic cells (Figure 6.2. IF). Adjacent normal respiratory epithelial cells and 

inflammatory cells, including lymphocytes and macrophages, were uniformly negative.
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Table 6.2.6 Results of Mcm2 staining in sputum and bronchial brushing specimens

Diagnosis on 

routine cytology

Number 

of cases

Mcm2 positive 

epithelial cells

Mcm2 positive 

inflammatory cells

Mcm2

negative

No malignant cells 76 0 8* 68

Atypical cells present 7 7 0 0

Squamous carcinoma 19 19 0 0

Small cell carcinoma 12 12 0 0

Adenocarcinoma 5 5 0 0

Total 119

Predominantly lymphocytes and macrophages
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FIGURE 6.2.1 Expression of MCM proteins in histological and cytological 
specimens from the lung
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A. In norm al bronchial resp iratory  epithelium  M cm 2 is restric ted  to the basal nuclei o f  the 
pseudostratified  epithelium  (x400 m agnification)

B. Severely  dysp lastic  squam ous epithelium  show s M cm 2 expression in over 90%  o f  dysplastic 
cells, including those in the surface layers (x400 m agnification)

C. M oderately  d ifferentiated  squam ous cell carcinom a o f  the lung show s expression o f  M cm 2 in 
over 90%  o f  neoplastic  cells (x400 m agnification)

D. A denocarcinom a o f  the lung expresses M cm 2 in over 90%  o f  neoplastic cells (x400 m agnification)
E. N orm al resp iratory  epithelial cells in a bronchial brush ing  cy tological specim en do not express 

M CM  proteins (x400 m agnification)
F. A denocarcinom a cells can be detec ted  in a bronchial b rush ing  cytological preparation by the 

expression  o f  M e m2 protein in over 90%  o f  neoplastic  cells (x400 m agnification)
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6.2.4 Discussion

Lung carcinoma is still the foremost cause of cancer death in males in the Western World. 

The five-year survival rates range between 8% and 13%, as the majority of cases are only 

diagnosed at a late stage in the disease, limiting the therapeutic options to palliative treatment 

(Carter, 1981; McGee, 1989). In order to improve survival, it is necessary to use methods for 

the early detection of lung carcinoma that show a high specificity and sensitivity and that are 

acceptable to the patient. Current problems with the assessment of sputum specimens have 

made sputum cytology impractical as a primary screening tool for the early detection of lung 

carcinoma in asymptomatic individuals. The current study has addressed methods of 

increasing the accuracy of detection of neoplastic cells in sputum samples.

The histological study suggests that the differential expression of Mcm2 in normal and 

neoplastic lesions from the lung may be utilised to identify neoplastic cells in cytological 

preparations from the respiratory tract. Indeed in all 43 samples containing malignant or 

atypical cells on routine cytology, there was expression of Mcm2 protein. In contrast, none of 

the 76 samples containing non-neoplastic cells were found to express Mcm2 in respiratory 

epithelial cells. Although expression of Mcm2 was seen in occasional lymphocytes in eight 

cases showing features of acute inflammation, the non-neoplastic nature of these cells was 

distinguishable from the underlying nuclear morphology of these cells.

These findings suggest that expression of Mcm2 may be useful in the detection of 

dysplastic and malignant cells in sputum and bronchial brushing samples, and may facilitate 

their distinction from reactive or degenerate cells with similar morphological features. This 

approach has the advantage of being amenable to automation, enabling an immunoenhanced 

cytological test to be applied to large numbers of cytological samples from the respiratory 

tract in a relatively short period of time. As a result, it may be potentially useful as a basis for 

a population-based screening programme, to identify asymptomatic patients with a 

preneoplastic or early invasive lung carcinoma who would benefit from further investigation 

by bronchoscopy. In particular, the relative cost-effectiveness of such an immunoenhanced 

cytological approach may enable asymptomatic individuals at high risk of lung carcinoma to 

be screened on a more frequent basis, thereby improving the sensitivity of the test for the 

detection of early lesions (Fontana, 1962).
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Although the expression of Mcm2 in neoplastic cells facilitates their identification in 

cytological preparations, it does not address the sampling problems encountered in routine 

clinical practice with cytological specimens from the respiratory tract. A possible solution 

may be to combine an immunoenhanced cytology test with measures aimed at improving the 

yield of cells from the lower respiratory tract, such as the use of hypertonic saline nebulisers 

(Peleman et al., 1999). This combined approach may increase the sensitivity of sputum 

cytology, by ensuring adequate sampling of respiratory epithelial cells, and increase its 

specificity by facilitating the discrimination of reactive from neoplastic cells.

6.2.5 Conclusion

The expression of Mcm2 in neoplastic epithelial cells may be used to facilitate the 

detection of lung carcinoma in specimens of sputum and bronchial brushings, with high 

sensitivity and specificity. Antibodies against MCM proteins may thus have a potential role 

in the assessment of respiratory tract cytology specimens, as an adjunct to routine 

morphological diagnosis, particularly in the discrimination of neoplastic cells from reactive 

cells showing similar morphological features.
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6.3 Improved identification of dysplastic and neoplastic cells in cytological 

preparations of urine using antibodies against MCM proteins

6.3.1 Introduction

6.3.1.1 Epidemiology of transitional cell carcinoma

Transitional cell carcinoma (TCC) is the most common primary neoplasm of the bladder, 

accounting for over 90% of all tumours arising in this organ. In England and Wales, it 

represents 7% of all malignancies in males and 3% of all malignancies in females, and shows 

a rising incidence with increasing age (Skeet, 1990). Although most cases occur in men aged 

over 50, rare cases have been reported in children and young adults (Benson et al., 1983).

6.3.1.2 Risk factors

Known risk factors for TCC include environmental agents, such as occupational exposure 

to chemicals involved in the printing and rubber industries (Wallace, 1988). These industrial 

processes expose the individual to carcinogenic substances (aniline dyes) which are excreted 

in the urine and may produce mutagenic effects by direct contact with the bladder mucosa. 

Prolonged exposure to these substances causes an accumulation of mutations in the 

transitional epithelium of the bladder. In particular, common genetic changes seen in bladder 

TCCs include partial chromosomal deletions of 9q, l ip,  13q and 17p (Dalbagni et a l, 1993; 

Czemiak et a l, 2000).

Epidemiological studies have been performed to investigate the possible effects of 

smoking and diet, including the intake of coffee and artificial sweeteners, on the formation 

of TCCs of the bladder (Thompson, 1990). Whilst it has been shown that smoking correlates 

with nuclear atypia in the transitional epithelium and results in an increased risk of bladder 

TCC (Auerbach et a l, 1989), the evidence for other dietary risk factors has been 

inconclusive.
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6.3.1.3 Macroscopic appearance

Although a TCC can arise anywhere in the bladder, the most common sites include the 

posterior wall and trigone and account for over 30% of all TCCs (Stephenson et al., 1990). 

These tumours can have a variety of appearances ranging from papillary, exophytic lesions to 

flat, solid mucosal lesions. Papillary tumours fonn thin, finger-like projections that extend 

into the bladder lumen and can often be multifocal, suggestive of a “field change” affecting 

the entire epithelium (Harris, 1992). In contrast, solid tumours are firm sessile lesions that 

frequently show evidence of surface ulceration. Although flat lesions tend to be more 

infiltrative than papillary lesions, all TCCs have the potential to invade into the muscle wall 

of the bladder.

6.3.1.4 Microscopic appearance

For all cases of TCC, the cell type, grade and stage of the tumour must be accurately 

recorded, since these histological criteria can be used to predict the biological behaviour of 

the lesion and provide valuable prognostic information:

6.3.1.4.1 Tumour cell type

Several cytoarchitectural variations of TCC have been reported. In particular, foci of 

glandular metaplasia are common in these tumours, and the neoplastic cells may show 

evidence of focal mucin production in up to 25% of cases (Ward, 1971; Donhuijsen et al.,

1992). Although these tumours may be defined as "mixed" carcinomas of the bladder, they 

behave like conventional TCCs of an equivalent grade, and are distinct from true 

adenocarcinomas of the bladder.

Many TCCs also show evidence of squamous differentiation or clear cell change, 

particularly in high-grade lesions, and must be distinguished from true squamous cell 

carcinomas of the bladder. In certain countries, such as Egypt where schistosomiasis is 

endemic, there is a high incidence of true squamous cell carcinomas of the bladder, but these
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neoplasms are generally rare in Europe and account for only 1% of all bladder tumours in the 

UK.

6.3.1.4.2 Grade

Although several classification systems have been proposed for the grading of TCC, they 

are all primarily based on the cytological appearance of the neoplastic cells rather than the 

architectural pattern of the tumour. In 1940, Ash proposed a four-tier classification system 

which defined all papillary lesions of the bladder as carcinomas, including well- 

differentiated tumours that resembled normal transitional epithelium (Ash, 1940). A 

modified version of this system, proposed in 1960, has since been advocated by the 

American Bladder Tumor Registry (Mostofi, 1960). Although essentially similar to the 

previous classification system, this defines well-differentiated transitional cell tumours as 

papillomas rather than carcinomas, allowing the stratification of transitional carcinomas into 

three grades (Table 6.3.1).

Table 6.3.1 Comparison of different grading systems for TCC

Ash (1940) Mostofi (1960)

TCC Grade 1 Papilloma

TCC Grade 2 TCC Grade 1

TCC Grade 3 TCC Grade 2

TCC Grade 4 TCC Grade 3

Although the tumour cells can be identified as transitional type, there is an increase in the 

number of cell layers of the surface epithelium (> 7 layers). There may be focal loss of 

cellular polarity and nuclear crowding, with cells showing evidence of mild nuclear atypia 

and hyperchromaticity. The majority of Grade 1 TCCs are non-invasive lesions, and may 

recur locally but do not metastasise.
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2) Grade 2 TCC

These tumours are still recognisable as being composed of transitional cells, but show 

greater loss of cell polarity and more pronounced nuclear irregularity than Grade 1 tumours. 

Mitoses may be visible in increased numbers and are often present above the basal layer of 

the epithelium. In particular, focal areas of necrosis and ulceration may be seen in the 

tumour.

These tumours show marked nuclear pleomorphism, loss of polarity, nuclear 

hyperchromaticity and increased mitotic activity. The individual cells lose all features of 

their transitional cell origin, and there is often extensive fragmentation of the superficial 

layer of cells. These tumours usually behave in an aggressive manner, with a high risk of 

tumour recurrence and metastasis. Areas of ulceration and necrosis are commonly found and 

their presence in a bladder biopsy is highly suggestive of a high-grade TCC.

6.3.1.4.3 Stage

The stage of a TCC is based on the depth of tumour invasion into the bladder wall. A TCC 

can only be classified as non-invasive if it is confined to the surface epithelium and has not 

infiltrated into the underlying submucosa. In contrast, invasive tumours are divided into the 

following categories:

a) Stage 1 - invasion of tumour cells into the lamina propria, without involvement of the 

muscle layer of the bladder wall

b) Stage 2 - invasion of tumour cells extends into the superficial half of the muscularis 

propria, but does not penetrate its full thickness

c) Stage 3 - invasion is seen throughout the muscularis propria and may extend to the 

serosal surface of the bladder

d) Stage 4 - tumour cells invade into surrounding tissues
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6.3.1.5 Carcinoma in situ and dysplasia of the bladder

The presence of carcinoma in situ (CIS) and dysplasia of the bladder mucosa is often 

noted in patients with a synchronous invasive TCC (Fukui et a l,  1987). A study performed 

by Soto in 1977 confirmed that over 60% of patients with an invasive TCC had areas of 

carcinoma in situ within the same resection specimen (Soto et a l, 1977). Even in cases 

where CIS occurs in the absence of an invasive component, there is usually evidence of 

epithelial hyperplasia (increased number of cell layers, but no nuclear atypia) and dysplasia 

in other areas of the transitional epithelium (Friedel, 1977). As well as the histological data, 

there is good epidemiological and biochemical evidence to suggest that CIS of the bladder 

can progress to invasive TCC. A study of 25 patients with CIS showed that 8 subsequently 

developed invasive carcinoma after 8-67 months (Melamed et a l,  1964), and these tumours 

often extended along prostatic ducts (Seemayer et a l, 1975). Abnormalities of lectin 

expression and blood group antigen expression seen in invasive TCCs have also been 

described in bladder CIS (Coon et a l, 1985; Nakanishi et a l, 1993).

Although CIS of the bladder is often asymptomatic, it can present with irritative bladder 

symptoms such as urgency and frequency. Microscopically, the lesion is flat and consists of 

full-thickness cytological atypia in the transitional epithelial cells (Table 6.3.2). The tumour 

cells may spread along the basement membrane, resulting in a pagetoid pattern of growth, or 

may induce denudation of the mucosal surface and cause a false-negative bladder biopsy 

(Ooms et a l, 1986).
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Table 6.3.2 Comparison of histological features of reactive urotbelium, dysplasia and

CIS ( Murphy, 1989)

Feature Reactive Dyplasia CIS

Cell layers Variable Variable Variable

Nuclear;cytoplasmic ratio Normal/increased Slightly increased Increased

Nucleus Regular Irregular Pleomorphic

Chromatin Fine Fine Coarse

Nucleoli Small/absent Small Large

6.3.1.6 Urine cytology for the detection of TCC

a) Morphology

Although the accessibility of the bladder mucosa enables most urothelial malignancies to 

be diagnosed by cystoscopically-guided tissue biopsy, this remains a time-consuming and 

invasive procedure, with inherent anaesthetic and surgical complications. Indeed, a 

proportion of bladder tumours may not be amenable to biopsy, either because they are 

present in a bladder diverticulum or because they give rise to flat in situ lesions that may not 

be identified on cystoscopy. As a result, urine cytology has become part of routine clinical 

practice in the pathology laboratory for the investigation and early diagnosis of TCC of the 

bladder (Table 6.3.3).

The number and types of urothelial cells in a urine specimen depend on the collection 

technique used. Cytological preparations from the urinary tract include voided urine, catheter 

specimens, suprapubic aspirates, bladder washings and brushings (Koss et a l, 1996). 

Although transitional epithelial cells may be found in all types of cytological specimen from 

the urinary tract, the cells present in samples obtained by instrumentation, including 

catheterisation and mucosal brushings, usually show reactive nuclear changes that may be 

mistaken for cellular atypia. Indeed, the optimal specimen for urine cytology is freshly 

voided mid-morning urine.
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Table 6.3.3 Cytological features of normal urotbelium and TCC (Murphy, 1989)

Parameter Normal

urotbelium

Grade 1 TCC Grade 2 TCC Grade 3 TCC

Cell size Normal Mildly enlarged Enlarged Pleomorphic

Cell staining Normal May be normal Hyperchromatic Hyperchromatic

Nuclear size Small Small Enlarged Very enlarged

Nuclear shape Regular Mild irregularity Irregular Irregular

Chromatin Fine Fine Clumped Coarse, clumped

Nucleoli Absent Small Prominent Prominent

Mitoses Absent Absent Rare May be present

Cell preservation Good Good Good Poor

Background Clean Clean Blood Blood, necrotic

The cytological diagnosis of neoplastic urothelial lesions is often difficult, as a result of 

the great morphological variability of normal urothelial cells and their tendency to cluster 

formation. Reactive and inflammatory changes in transitional cells can mimic the cytological 

features seen in atypical cells from dysplastic or low-grade neoplastic lesions (Koss et al., 

1985). Urine cytology is useful in the detection of high-grade TCCs, with studies showing 

that this approach can detect the presence of a urothelial malignancy up to 37 months before 

the appearance of a clinical lesion identifiable by cystoscopy (Geisse, 1978).

The accuracy of urinary cytology has been found to be closely related to the histological 

grade of the tumour (Wiener et al., 1993). In fact, whilst many authors have reported the 

efficacy of urine cytology in the assessment of high grade TCCs, its sensitivity for the 

detection of low-grade transitional lesions, particularly Grade 1 TCCs, is poor (reviewed by 

Pirtskalaishvili et al., 1999). The main reason is that cells from well-differentiated TCCs 

resemble normal transitional epithelial cells and may be difficult to distinguish from 

urothelial cells showing inflammatory or degenerative changes (Koss et al., 1985). False 

negative results may occur with grade 1 TCCs since the cells from these tumours 

morphologically resemble those of normal superficial bladder cells (Bastacky et al., 1999).
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In a study of 207 patients with TCC diagnosed on cystoscopy, over 79% of Grade 2 and 92% 

of Grade 3 lesions were successfully detected on urine cytology. In contrast, none of the 47 

Grade 1 tumours examined in this study was detected cytologically (Beyer et a l, 1978).

The most distinctive cytological features of cells from a high-grade TCC are the presence 

of tight clusters of cells with hyperchromatic nuclei, high nuclearxytoplasmic ratio and 

irregular nuclear outline (Johnson et a i, 1993). However, similar morphological changes 

may be induced by benign inflammatory or infective conditions and interventions such as 

radiotherapy or catheterisation, possibly resulting in problems with the distinction of Grade 3 

TCC from some reactive conditions (Esposti et a l, 1970). False positive results can occur, 

particularly in the presence of reactive changes in transitional cells due to urinary tract 

infection or urinary calculi (Chong et a l, 1999).

b) Immunocytochemistry

Recent studies, using bladder tumour antigen (ETA) and nuclear matrix protein 22 (NMP 

22) markers, have evaluated the potential utility of urine-based biochemical tests for the 

detection and monitoring of patients with bladder TCC, as an adjunct to routine urine 

cytology. The standard BTA assay is an immunochromatographic test using monoclonal 

antibodies to detect the BTA antigen, a protein found in the urine of bladder cancer patients 

but not detected in the urine of healthy individuals. This protein has been identified as 

closely related to human complement factor H (Kinders et a l, 1997). As human complement 

factor H interacts with complement C3b and inhibits the formation of a membrane attack 

complex, the production of BTA may enable tumour cells to evade lysis by the immune 

system.

NMP 22 is a member of a family of nuclear matrix proteins and is involved in DNA 

replication, RNA synthesis and regulation of gene expression (Shelfo, 1997). The standard 

NMP 22 assay uses monoclonal antibodies to detect higher levels of this protein in bladder 

cancer patients than in normal individuals (Carpinito, 1996).
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A recent study comparing the efficacy of routine urine cytology, with that of BTA and 

NMP22 was performed on urine samples from 140 patients, including 40 with bladder 

carcinoma. The results showed that the sensitivity of the NMP 22 and BTA tests for 

detection of neoplastic cells was almost twice that for urine cytology (Sozen et al., 1999).

Whilst these biochemical tests have good sensitivity, they have been shown to have a 

lower specificity for carcinoma than routine urine cytology and their high false positive rate 

makes them unsuitable as a primary screening tool for the investigation of bladder 

carcinomas (Nasuti et al., 1999). The MCM proteins are a family of nuclear proteins that are 

essential for eukaryotic DNA replication and have been reported to be present throughout the 

cell cycle, but rapidly down-regulated in differentiating and quiescent cells (Stoeber et al., 

1998). Antibodies against these proteins may facilitate the identification of dysplastic and 

neoplastic cells in cytological preparations from the urinary tract and enable diagnosis of 

preinvasive transitional cell carcinoma in asymptomatic individuals.

6.3.1.7 Aims

The aims of this study were to:

1. Assess the expression of Mcm2 protein in neoplastic and non-neoplastic bladder biopsies, 

including cases of normal bladder, acute cystitis, epithelial dysplasia, carcinoma in situ 

and TCCs of varying histological grades

2,, EvaluateJhe.potential utility of antibodiesga^instaMcmZ^in the^cytolo^cal assessment ofa 

urine, particularly for the discrimination of neoplastic cells from transitional epithelial 

cells showing reactive or degenerative changes
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6.3.2 Materials and Methods

6.3.2.1 Histological study

6.3.2. LI Case selection 

A representative formalin-fixed, paraffin-embedded block was obtained for 75 selected 

bladder biopsies performed in 1999 at Addenbrooke's Hospital NHS Trust, Cambridge. 

These contained a range of neoplastic and non-neoplastic specimens, including 60 TCCs of 

varying grades (Table 6.3.4).

As biopsies of normal transitional epithelium from asymptomatic individuals are not 

routinely taken, biopsies with a normal appearance on histology from patients with a 

previous history of TCC but no current lesion on cystoscopy were used as a working 

representation of normal transitional epithelium.

Table 6.3.4 Summary of histological cases studied

Diagnosis Number of cases

Normal bladder 5

Acute cystitis 5

CIS 4

Grade 1 TCC 21

Grade 2 TCC 25

Grade 3 TCC 15

Total 75
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6.3.2.1.2 Immunohistochemistry

Five micron sections were cut onto APES-coated slides and a standard protocol for the 

immunohistochemical staining of formalin-fixed, paraffin-embedded tissue was performed 

as described in section 2.3.2. A hybridoma supernatant containing a mouse monoclonal 

antibody against Mcm2 (provided by Dr. Steve Dilworth, Imperial College, London) was 

applied at a dilution of 1:15.

6.3.2.1.3 Quantitation o f staining

All stained slides were reviewed by a single blinded observer and assessed for expression 

of Mcm2 in the epithelium. A Mcm2 labelling index (percentage of immunopositive cells) 

was calculated for the total epithelium (Mcm2 L I t o t a l )  and also for cells confined to the 

upper third of the epithelium (Mcm2 LIupper), using counts of 400 nuclei per case. Mcm2 

LIupper values were determined in order to take into account the fact that surface urothelial 

cells are usually exfoliated in voided urine (Atkinson, 1998). Statistical analysis was 

performed using a Wilcoxon rank sum test. A two-sided p value of less than 0.05 was 

considered to be significant.

6.3.2.2 Cytological study

6.3.2.2.1 Case selection

150 consecutive urine samples received at the Cytology Department of Addenbrooke's 

Hospital NHS Trust between November 1999 and February 2000 were selected for this study. 

The study was performed in accordance with the guidelines of the Local Research Ethics 

Committee and patient confidentiality was maintained throughout.

6.3.2.2.2 Sample preparation

Each urine sample was processed within a few hours of arriving at the Cytopathology 

laboratory, with overnight or 24 hour collection samples being excluded from the study. The 

specimen was spun at 3,000 rpm for five minutes using a Sanyo Harrier 18/80 Centrifuge.
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The supernatant was discarded and the cell pellet resuspended in 500pl of Shandon cytology 

collection fluid. The resulting cell suspension was cytospun onto APES-coated slides using a 

Shandon Cytospin 3 machine, according to the manufacturer's instructions.

A total of four cytospin preparations were made from each urine sample, with two being 

used for routine cytological diagnosis and two for immunostaining with antibodies against 

Mcm2 and Mcm5 proteins.

6.3.2.2.3 Immunocytochemistry

A  standard protocol for the immunocytochemical staining of cytological preparations was 

performed as described in section 2.3.4. A hybridoma supernatant containing a mouse 

monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, Imperial College, 

London) was applied at a dilution of 1:15. An affinity-purified mouse monoclonal antibody 

against McmS (provided by Dr. Steve Dilworth, Imperial College, London) was applied at a 

dilution of 1:400.

6.3.2.2.4 Quantitation o f staining

All stained slides were reviewed by a single blinded observer. Slides were scored as either 

positive or negative for the expression of Mcm2 or Mcm5 protein. Results were subsequently 

correlated with the clinicopathological diagnosis made by routine cytology and/or histology. 

Histology was available in 12 of 17 cases reported as containing atypical or malignant cells.
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6.3.3 Results

6.3.3.1 Histological study (Figure 6.3.1, Table 6.3.5)

6.3.3.1.1 Normal bladder mucosa

Areas of histologically normal bladder mucosa were chosen from biopsies performed in 

five patients who had been previously diagnosed with bladder TCC, but with no identifiable 

lesion on follow-up cystoscopy. The median Mcm2 L I t o t a l  i n  these areas of normal 

transitional epithelium was 14% (range 8-17%, Figure 6.3.2A). The immunopositive cells 

were predominantly in the basal layer of the stratified epithelium, with a median Mcm2 

L I u p p e r  of only 1% (range 0-3%).

6.3.3.1.2 Acute inflammation

Five bladder biopsies with histological features of acute cystitis were found to exhibit a 

median Mcm2 L I j o t a l  of 14% (range 10-21%), with the immunopositive cells predominantly 

in the basal layer, in a similar pattern to that seen in normal transitional epithelium. The 

median Mcm2 LIupper was 2% (range 1-3%).

6.3.3.1.3 CIS

All four cases of bladder CIS expressed Mcm2 protein in over 70% of dysplastic cells 

throughout the entire epithelium. The median Mcm2 L I t o t a l  was 87%, with a corresponding 

range of 74-95%. The median Mcm2 L I u p p e r  was 84% with individual values ranging from 

76-92%. These values were significantly higher than the values obtained for normal and 

inflamed bladder mucosa (p<0.05 for L I t o t a l  and for L I u p p e r ) -

218



6.3.3.L4 TCC

A total of 61 cases of TCC was examined in this study, representing 21 Grade 1 tumours, 

25 Grade 2 tumours and 15 Grade 3 tumours. Expression of Mcm2 correlated well with the 

histological grade of the lesion, with a median Mcm2 L Itotal o f  2 9 %  in Grade 1 tumours, of 

66% in Grade 2 and of 96% in Grade 3 tumours (Figure 6.3.2B,C,D). The percentage of cells 

expressing Mcm2 in the upper third of the epithelium showed a similar pattern, rising from a 

median Mcm2 LIupper of 8% in Grade 1 tumours to 32% in Grade 2 and to 96% in Grade 3 

tumours. These values were significantly higher than those found in normal and inflamed 

transitional epithelium (P<0.01 for G l, P<0.001 for G2 and G3 tumours).

Table 6.3.5 Mcm2 expression in 75 histological bladder biopsies

Parameter Normal Inflamed Flat CIS Grade 1 
Papillary 

TCC

Grade 2 
Papillary 

TCC

Grade 3 
Papillary 

TCC
Number of 

cases
5 5 4 21 25 15

Median 
Mcm2 LIupper 1% 2% 84% 8% 32% 96%

Range 
Mcm2 LIupper 0-3% 1-3% 76-92% 1-27% 13-78% 75-99%

Median 
Mcm2 LItotal 14% 14% 87% 29% 66% 96%

Range 
Mcm2 LItotal 8-17% 10-21% 74-95% 7-49% 47-86% 81-100%

Mcm2 L I x o t a l _

Normal vs. Inflamed: NS 

Normal / Inflamed vs. CIS: p<0.05 

Normal / Inflamed vs. Gl TCC: p<0.01 

Normal / Inflamed vs. G2 TCC: p<0.001 

Normal / Inflamed vs. G3 TCC: p<0.001

Mem 2 LIupper

Normal vs. Inflamed: NS 

Normal / Inflamed vs. CIS: p<0.05 

Normal / Inflamed vs. Gl TCC: p<0.01 

Normal / Inflamed vs. G2 TCC: p<0.001 

Normal / Inflamed vs. G3 TCC: p<0.001
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6.3.3.2 Cytological study (Table 6.3.6)

6.3.3.2.1 Normal specimens

All 122 specimens diagnosed as normal on routine cytology showed no expression of 

Mcm2 or Mcm5 in transitional epithelial cells, irrespective of any reactive or degenerative 

changes seen in the specimens due to sample preparation or delays in sample collection 

(Figure 6.3.2E). Weak immunostaining was present in occasional (<5%) lymphocytes and 

macrophages in eleven of these cases, although the non-neoplastic features of these 

inflammatory cells could be identified from the Pap counterstain.

6.3.3.2.2 Acute inflammation

Nine specimens were diagnosed as showing evidence of an acute inflammatory infiltrate 

on routine cytology. The inflammation was a result of either urinary tract infection or 

instrumentation. In eight of these cases, there was no evidence of Mcm2 or Mcm5 expression 

in reactive transitional epithelial cells, even in cases where morphological evidence of 

reactive nuclear changes was prominent. The remaining case showed weak expression of 

Mem2 in occasional epithelial cells (<5%) within a single cell cluster. However, several 

adjacent cell clusters were negative for Mcm2 and there was no Mcm5 expression in a 

second immunostained slide, which also contained epithelial clusters.

Ô.3.3.2.3 Atypical cells

Seven specimens were diagnosed as containing atypical or suspicious cells on routine 

urine cytology. Five of these cases were confirmed by subsequent histology as representing 

one case of moderate dysplasia, two cases of Grade 1 TCC and two cases of Grade 3 TCC. In 

all of these cases, Mcm2 and Mcm5 expression was seen in around 70-85% of transitional 

cells showing features of cytological atypia by the Pap counterstain.
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6.3.3.Z4 TCC

All ten cases diagnosed as containing cells from a high-grade TCC on routine urine 

cytology were found to express Mcm2 and Mcm5 in over 80% of neoplastic cells (Figure 

6.3.2F). Seven of these ten cases were confirmed by subsequent histology to represent three 

cases of Grade 2 TCC and four cases of Grade 3 TCC. There was no expression of Mcm2 or 

Mcm5 in inflammatory or reactive transitional cells also present in the samples.

Table 6.3.6 Mcm2 and McmS expression in 150 urine cytology preparations

Specimen Total Negative MCM 

staining

Positive MCM 

Staining

Normal 122 111 ir

Acute inflammation 9 8

Atypical cells 7 0 yc

Carcinoma 10 0 10‘‘

 ̂ Eleven cases showed staining in <5% of lymphocytes and macrophages 

 ̂One case showed weak expression of Mcm2 in <5% of reactive transitional epithelial cells 

 ̂These cases were confirmed by histology to represent one moderate dysplasia, two Grade 1 

TCCs and two Grade 3 TCCs. In the two remaining cases no histology was available 

 ̂Positive expression of Mcm2 and Mcm5 in over 80% of neoplastic cells. These cases were 

confirmed on histology to represent three Grade 2 TCCs and four Grade 3 TCCs. In the 

remaining three cases no histology was available.
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FIG U RE 6 .3 .1  Comparison of  Mcm2 expression in histological sections of normal 
transitional epithelium and neoplastic lesions o f  the bladder
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A. Expression o f  Mcm2 in the entire transitional epithelium (M cm 2 El ) from a range o f  non-neoplastic and 
neoplastic bladder lesions. Although normal and inflamed transitional epithelium show a similar frequency o f  
expression o f  M cm2, a significantly higher frequency o f  expression is seen in the majority o f  preinvasive and 
invasive TCCs
B. Expression o f  Mcm2 in the upper third o f  transitional epithelial cells (M cm2 LIjjpppj )̂ from a range o f  non
neoplastic and neoplastic bladder lesions. A significantly higher frequency o f  cells expresses Mcm2 in 
preinvasive and invasive TCCs compared to tlie frequency o f  expression in normal and inflamed bladder mucosa.
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FIGURE 6.3.2 Expression of Mcm2 in normal transitional epittielium
and TCC trom thie bladder

A. N onnal transitional mucosa from the bladder show s around 10% expression o f  M cm 2 , predominantly 
in the basal layer o f  the epithelium (x400 magnification )
B. A Grade 1 TCC expresses M cm 2 in around 30% o f  total epithelial cells (x400 magnification)
C. Me m2 is present in over 60%  o f  total cells from a Grade 2 TCC, including around 30%  o f  cells in the 
upper third o f  the epithelium (x400 magnification)
D. A Grade 3 TCC shows expression o f  Mcm2 in over 90%  o f  total epithelial cells and over 90%  o f  cells 
in the upper third o f  the epithelium (x400 magnification)
E. A cluster o f  normal, superficial transitional cells ("umbrella cells") in a cytological specimen from the 
urinary tract, show ing  no expression o f  M cm 2 (x400 magnification)
F. A cluster o f  urothelial cells from a Grade 3 TCC shows expression o f  M cm 2 in over  90%  o f  neoplastic 
cells (x400 magnification)
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6.3.4 Discussion

The cytological diagnosis of neoplastic urothelial lesions is often difficult, as a result of 

the great morphological variability of normal urothelial cells and their tendency to cluster 

formation. Reactive and inflammatory changes in transitional cells can mimic the cytological 

features seen in atypical cells from dysplastic or low-grade neoplastic lesions (Koss et al., 

1985). Exfoliated cells from Grade 1 papillary carcinomas may resemble the umbrella cells 

from the surface layer of the urotbelium and their cytological features may be misinterpreted 

in the light of reactive or degenerative changes present in the specimen. Also, cells from a 

Grade 3 TCC may resemble non-neoplastic cells showing evidence of reactive or 

degenerative change (McKee, 1997).

In the present study, a histological investigation was performed to examine the expression 

of MCM proteins in normal and neoplastic transitional epithelium, and to test whether 

antibodies against these proteins may act as useful reagents to differentiate between normal 

and neoplastic cells.

The results of this histological study confirm that although the expression of MCM 

proteins is present in around 10% of normal transitional epithelial cells, the majority of these 

are found in the basal layer of the epithelium, with only around 1% immunopositivity in the 

upper third (Table 6.3.5). In contrast, dysplastic and neoplastic lesions of the bladder show 

median expression of MCM proteins in 29-96% of epithelial cells, including 8-96% of cells 

in the upper third of the epithelium. As it is usually the surface urothelial cells that are 

exfoliated in voided urine (Atkinson, 1998), this data suggests that the differential expression 

of Mcm2 in the upper third of normal and neoplastic transitional epithelium may enable 

easier identification of neoplastic cells in cytological specimens from the urinary tract.

In a small blinded trial of 150 urine cytology specimens, all seventeen preparations 

diagnosed as containing atypical or neoplastic cells on routine cytology were identified by 

expression of Mcm2 or Mcm5 protein in up to 90% of the neoplastic cells (Table 6.3.6). 

These included two cases of Grade 1 TCC and one case of moderate epithelial dysplasia 

confirmed on subsequent biopsy.

224



All 122 specimens diagnosed as normal on routine cytology were negative for MCM 

expression in transitional epithelial cells, irrespective of any reactive or degenerative changes 

present in these cells. Although 11 of these cases showed immunostaining in occasional 

(<5%) lymphocytes and macrophages, the non-neoplastic features of these cells could be 

identified from the Pap counterstain. Eight of nine specimens containing acute inflammatory 

cells were also negative for MCM proteins in epithelial cells. The remaining case showed 

weak immunopositivity for Mcm2 in under 5% of transitional epithelial cells in a single cell 

cluster, but the non-neoplastic features of these nuclei and the presence of a florid 

inflammatory infiltrate in the specimen suggested the reactive nature of these 

immunopositive cells.

These results illustrate that analysis of MCM protein expression may be used to facilitate 

the detection of preinvasive dysplastic lesions and low-grade TCCs, as well as high-grade 

lesions, in cytological preparations from the urinary tract. This approach may be useful in 

increasing the sensitivity of urine cytology for the detection of neoplastic cells, especially in 

specimens showing reactive or degenerative changes. Indeed, this immunocytochemical 

method is amenable to automation and may be valuable as part of a primary screening test 

for the detection of early bladder carcinoma in asymptomatic individuals.

A particular advantage of this method is that the process can be performed on monolayer 

cytological preparations, allowing not only the evaluation of large numbers of specimens in a 

rapid time interval, possibly using automated slide readers, but also enabling the residual 

sample to be used for multiparametric testing. In this regard, it has recently been shown that 

malignant cells may be detectable in urine by a biochemical evaluation of Mcm5 protein in 

voided urine specimens (Stoeber et a l, 1999). It is currently not clear whether biochemical 

or morphological assessment of the expression of MCM proteins in urine would represent the 

most effective method of screening for urothelial neoplasia. Evaluation of larger numbers of 

specimens is warranted, in order to examine the relative merits of each approach.
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6.3.5 Conclusion

Although the results of this study need validation in a large-scale clinical trial, they 

suggest that analysis of MCM protein expression may facilitate the identification of 

dysplastic and neoplastic cells from preinvasive and early, low-grade and high-grade bladder 

carcinomas in cytological preparations from the urinary tract. In particular, this approach 

may enable easier distinction of low-grade TCCs from normal superficial transitional cells, 

and high-grade TCCs from non-neoplastic cells showing reactive or degenerative changes. 

The immunoenhanced cytological test may also be performed in an automated manner, with 

monolayer cytological preparations, allowing multiparametric testing on each urine 

specimen. As a result, this immunocytochemical approach may increase the sensitivity and 

specificity of routine urine cytology. Ultimately this approach may even enable the 

introduction of population-based screening programmes for the early detection of bladder 

carcinoma in asymptomatic individuals.
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Chapter 7

Potential utility of antibodies against MCM 
proteins in differential diagnosis and 
assessment of prognosis in histopathological 
tissues
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7.1 Antibodies against MCM proteins may facilitate distinction of radial 

scar from tubular carcinoma in core biopsy breast tissue

7.1.1 Introduction

7.1.1.1 Radial scar

7.1.1.1.1 Definition

The entity most commonly known as a radial scar of the breast has been recognised by 

a variety of names at different times, since its first description in 1928 (Table 7.1.1). Even 

currently, two terms are commonly used interchangeably to describe the same type of 

lesion, with smaller examples (from l-9mm in size) being called radial scars and larger, 

more proliferative variants (upwards of 10mm) being called complex sclerosing lesions 

(CSL) (Page and Anderson, 1987). The clinical importance of this benign lesion has been 

highlighted by the introduction of the UK National Breast Screening, since it often 

produces a mammographie image resembling that of an invasive carcinoma.

Table 7.1.1 Terminology for radial scar

Term Author

Rosette-like lesion Semb(1928)

Sclerosing papillary proliferation Fenoglio and Lattes (1974)

Radial scar Hamperl (1975)

Complex, compound heteromorphic lesions Wellings et al. (1975)

Scleroelastic lesions Eusebi et al. (1976)

Benign sclerosing ductal proliferation Tremblay et al. (1977)

Infiltrating epitheliosis Azzopardi (1979)

Non-encapsulated sclerosing lesion Fisher (1979)

Radial scar Linell et al. (1980)

Indurative mastopathy Rickert et al. {\9%\)

Proliferation centre of Aschoff D’Amore et al. (1985)
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7.1.1.1.2 Microscopic features

The characteristic feature of a well-developed radial scar is a central core of fibro- 

elastic tissue, with a pattern of breast ducts showing variable degrees of epithelial 

hyperplasia radiating from the centre of the lesion. Lesions at an earlier stage may show 

presence of spindle cells and chronic inflammatory cells around the central parenchymal 

components, but the benign nature of the lesion is always indicated by the presence of a 

myoepithelial layer around the epithelial elements radiating from the central core. The 

complex sclerosing lesion has all the same features as the radial scar, but may show areas 

of atypical epithelial hyperplasia, apocrine change and a more complex pattern of 

epithelial duct proliferation.

7.1.1.1.3 Prognosis

It was widely accepted until recently that radial scars were benign proliferations of 

breast epithelial elements and were not linked with an increased risk of carcinoma 

(Azzopardi, 1979; Fenoglio and Lattes, 1974; McDivitt et al., 1982; Anderson and Gram, 

1984). However, some authors have proposed the idea that a radial scar may in fact be a 

premalignant lesion with the possibility of progression to invasive tubular carcinoma 

(Linell et al., 1980; Fisher et al., 1983).

It has been shown that women diagnosed with incidental radial scars on benign breast 

biopsy specimens have almost twice the risk of subsequent breast carcinoma than women 

without radial scars, suggesting that these lesions may be an independent risk factor for 

breast carcinoma (Jacobs et al., 1999). Moreover, the presence of atypical epithelial 

hyperplasia has been reported in radial scars over 7mm in size, particularly in patients 

over 50 years of age (Sloane and Mayers, 1993) and may represent the areas leading to 

malignant change (Nielsen et al., 1987).

Although the treatment of radial scar usually consists of complete excision, in some 

centres surgical excision is not performed routinely if the lesion does not show evidence 

of atypical features, such as hyperplasia, on core biopsy. In these cases, the radial scar 

may be left in situ and the patient followed up in the breast clinic at regular intervals. This 

contrasts sharply with the treatment of tubular carcinoma, which always consists of wide 

local excision and may include simultaneous sentinel lymph node biopsy performed for 

prognostic information.
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7.1.1.2 Tubular carcinoma

7.1.1.2.1 Definition

This special form of breast carcinoma has received general recognition in the last 20 

years because of the general orderliness of its histological appearance, leading to the term 

of “well-differentiated” carcinoma. It is more commonly known by the term tubular 

carcinoma, as this provides an accurate description of its individual component parts. 

Tubular carcinoma accounts for under 2% of all invasive breast carcinomas, but 9% of 

carcinomas detected by mammography (Patchefsky et al., 1977; McBoyle et a l, 1997) 

and can only be diagnosed if the characteristic tubular pattern is seen in over 90% of the 

tumour (Carstens et a l, 1985).

7.1.1.2.2 Microscopic features

This tumour is composed of tubular structures of similar size, with a characteristic 

round to oval shape, which are lined by a single layer of epithelial cells. A frequent 

observation is the bending or angulation of some tubules to form a “teardrop” appearance. 

The cells have regular round nuclei and often show bulbous projections emerging from 

their luminal surface (“apical snouts”). There is no relationship of the tubular elements of 

the tumour to the local lobular architecture of the surrounding breast tissue. In some 

cases, foci of ductal carcinoma in situ may be seen or the tumour may be seen infiltrating 

into the adjacent fat, indicating its aggressive nature.

7.1.1.2.3 Prognosis

Tubular carcinoma has an excellent prognosis, with no deaths reported after 15 years of 

follow-up in patients after surgical excision of a pure tubular carcinoma of under 1cm size 

(Cooper et a l, 1978). The pure tubular type and small size of these tumours have been 

shown to be independent variables indicating excellent survival (Peters et a l, 1981) and 

make the recognition of this form of breast carcinoma particularly important, since wide 

local excision is virtually always curative. However, despite its excellent prognosis, rare 

cases of lymph node metastasis have been reported in patients diagnosed with pure 

tubular carcinoma (McBoyle et a l, 1997).
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7.1.1.3 Differentiation of radial scar and tubular carcinoma

The clinical presentation and radiological appearance of a radial scar can closely 

resemble that of a tubular carcinoma. In a study of 40 mammographically detected 

lesions, suspected to be benign on radiological criteria, only 20 were found to be radial 

scars on histological examination of the resection specimen. Of the remaining 20 cases, 

12 were invasive carcinomas of ductal or tubular type, and eight cases contained evidence 

of carcinoma (seven tubular and one ductal) arising adjacent to a radial scar. The authors 

concluded that no mammographie difference could be found between benign and 

malignant lesions either in terms of lesion size, shape or calcification (Frouge et al., 

1995). Similar findings have been reported in mammographie studies performed by other 

groups (Vega and Garijo, 1993; Feig, 1992).

The histological features of tubular carcinoma can also be similar to those seen in some 

radial scars (Table 7.1.2), and the differentiation of the two lesions may be difficult in 

some cases. Cytological distinction of these lesions can also be problematic, with up to 

12% of tubular carcinomas being under-diagnosed as benign lesions (de la Torre et al., 

1994) and a definite benign diagnosis being given in only 50% of radial scars (Lamb and 

McGoogan, 1994).

Table 7.1.2

Histopathological features in the differential diagnosis of radial scar from tubular 

carcinoma of the breast (Page and Anderson, 1987)

Feature Radial scar Tubular carcinoma

Periphery Radial arrangement of lobular units Infiltrative

In situ component Rarely present Usually present

Double cell layer Present Usually absent

Apical snouts Absent Present

Luminal shape Variable Angulated

Glandular element Confined to central scar Infiltrates beyond scar
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An area of particular diagnostic difficulty is the morphological appearance of 

entrapped tubular epithelial elements in the central fibro-elastic area of a radial scar, 

which can closely resemble the "teardrop" shape of the epithelial tubules seen in tubular 

carcinoma. The task of differentiating these entities is made even more difficult by the 

fact that the majority of mammographically-detected breast lesions are sent as core

biopsy specimens, and the tissue core often contains few glands suitable for histological 

review. In many situations, therefore, a clear diagnosis can not be made and the 

recommendation is made for the lesion to be completely excised.

An immunohistological approach would be of considerable value in the distinction of 

radial scar from tubular carcinoma in core biopsy specimens performed for 

mammographically-detected breast lesions. An indication of tubular carcinoma on core 

biopsy would enable the clinician to perform an initial wide local excision of the lesion 

with simultaneous sampling of the sentinel lymph node, rather than the conservative 

surgical or routine follow-up measures reserved for radial scars. This has the advantage of 

providing prognostic information about the likely future behaviour of the tumour, as well 

as preventing the patient from having to undergo a second operative procedure at a later 

date.

7.1.1.4 Aims

The main aims of the study were to:

1) Assess the potential utility of antibodies against Mcm2 protein and Ki67 in the 

distinction of radial scar from tubular carcinoma in histological tissue resections, as a 

basis for their eventual use in breast core biopsy specimens

2) Compare the overall median Mcm2 and Ki67 labelling index (L U ve) for each lesion 

with the labelling index obtained for individual glands (Lloiand), to establish which 

would be a more useful indicator in the distinction of radial scar from tubular 

carcinoma
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7.1.2 Materials and Methods

7.1.2.1 Case selection

A representative formalin-fixed, paraffin-embedded block was selected from the 

histological resection specimens of 10 tubular carcinomas and 5 radial scars from the 

archives of the Histopathology Department of Addenbrooke's Hospital NHS Trust. The 

tubular carcinomas were confirmed histologically as pure tubular variants (over 90% of 

the lesion), and radial scars were all under 1cm in size. The study was performed in 

accordance with guidelines set by the Local Research Ethics Committee, and patient 

confidentiality was maintained throughout.

7.1.2.2 Immunohistochemistry

A standard protocol for the immunohistochemical staining of formalin-fixed, paraffin- 

embedded sections was performed as described in section 2.3.2. A hybridoma supernatant 

containing a mouse monoclonal antibody against Mcm2 (provided by Dr. Steve Dilworth, 

Imperial College, London) was used at an optimal dilution of 1:15 and a monoclonal 

antibody against Ki67 (Immunotech, Miami, USA) was used at 1:100.

7.1.2.3 Quantitation of staining

All stained slides were reviewed by a single blinded observer and assessed for the 

expression of Mcm2 protein. A median labelling index for Mcm2 and Ki67 (LUve) was 

calculated as the percentage of immunopositive nuclei, using counts of 400 nuclei per 

tissue section. A labelling index was also calculated for Mcm2 and Ki67 on the basis of 

individual glands (Lloiand), comparing four representative glands from each case of 

tubular carcinoma with four entrapped tubules from the central area of each radial scar. 

Statistical analysis comparing the Mcm2 and Ki67 labelling indices between radial scars 

and tubular carcinomas was performed using a Wilcoxon rank sum test. A two-sided p 

value of less than 0.05 was considered to be significant.
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7.1.3 Results

7.1.3.1 Radial scars (Table 7.1.3)

The five radial scars examined in this study expressed Mcm2 protein in 3-36% of 

epithelial cells in the overall lesion, with a median Mcm2 LUve of 17%. Individual glands 

from the central region of each radial scar showed a similar frequency of immunopositive 

cells (2-44%), with a median Mcm2 Lloiand of 10%. In particular, the expression of Mcm2 

protein was not found in a significantly greater percentage of cells in the small tubules at 

the centre of each radial scar compared to the expression in more peripheral epithelial 

components. There was no Mcm2 expression in the fibro-elastic stroma at the centre of 

the radial scars examined.

Expression of Ki67 was lower that that observed for Mcm2 in all cases of radial scar. 

The median Ki67 LUve was 3%, with a range of 1-9%. Similar values were obtained for 

Ki67 expression in individual glands, with a median Ki67 Lloiand of 6% and a range of 0- 

11%.

7.1.3.2 Tubular carcinomas (Table 7.1.3)

Results from ten tubular carcinomas examined in this study showed expression of 

Mcm2 protein in 10-56% of epithelial cells, with a median Mcm2 LUve of 25%. 

Individual glands from each case showed a similar percentage of immunopositive cells 

(range 10-68%), with a median Mcm2 Lloiand of 36%. All ten cases of tubular carcinoma 

showed an even distribution pattern of Mcm2 expression throughout the entire lesion, 

including epithelial elements at the edge of some tumours, which could be seen 

infiltrating into adjacent fat. There was no expression of Mcm2 in the surrounding 

stromal or inflammatory cells. Although there was no significant difference in the Mcm2 

LUve values between the two groups, seven out of ten tubular carcinomas showed a 

Mcm2 LUve of over 25%, compared to only one of five radial scars.
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Expression of Ki67 was lower in all cases of tubular carcinoma compared to the LI 

values obtained with Mcm2. The median Ki67 LIavb was 6%, with individual values 

ranging from 2-19%. There was no significant difference in the Ki67 LlAve values 

between radial scars and tubular carcinomas. Similar results were obtained for the 

expression of Ki67 in individual glands, with a median Ki67 Lloiand of 9% and a range of 

1-21% .

Table 7.1.3 Labelling indices for Mcm2 and Ki67 in radial scar and tubular

carcinoma of the breast

Radial scar Tubular carcinoma

Case Mcm2

LIavc

Mcm2

Lloiand

Ki67

LIavc

Ki67

Lloiand

Case Mcm2

LIavc

Mem 2 

Lloiand

Ki67

LIavc

Ki67

Lloiand

1 36% 44% 7% 6% 1 38% 39% 6% 11%

2 17% 19% 9% 11% 2 25% 30% 8% 11%

3 21% 10% 3% 7% 3 15% 13% 2% 1%

4 4% 4% 3% 0% 4 56% 68% 15% 17%

5 3% 2% 1% 0% 5 10% 10% 1% 4%

6 23% 23% 3% 4%

7 30% 43% 12% 21%

8 25% 36% 6% 7%

9 50% 36% 19% 20%

10 30% 46% 7% 9%

Median 17% 10% 3% 6% Median 25% 36% 6% 9%

Values for Mcm2 LI over 25% are shown in red 

Statistical analysis:

Mcm2 LlAve: Radial scar vs. Tubular carcinoma, NS 

Mcm2 Lloiand: Radial scar vs. Tubular carcinoma, NS 

Ki67 LlAve: Radial scar vs. Tubular carcinoma, NS 

Ki67 Lloiand: Radial scar vs.Tubular carcinoma, NS 

NS = not significant
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FIGURE 7.1.1 Comparison of Mcm2 Ll^^g, Me m2 Llciand’ Ki67 Ll^^  ̂ and K167 Lloiand in radial scar and tubular 
carcinoma of the breast
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A. Expression of Mcm2 in tubular carcinomas is higher than that seen in radial scars, with seven out of ten tubular carcinomas having a Mcm2 over 25%, 
compared to one out of five radial scars; B. Similar LI values are seen for Mcm2 in individual glands fi"om tubular carcinomas and the central area of radial scars;
C. Expression of Ki67 in tubular carcinomas and radial scars show considerable overlap, with all radial scars and seven out of ten tubular carcinomas having a 
Ki67 of under 10%; D. Similar LI values are seen for Ki67 in individual glands from tubular carcinomas and the central area of radial scars.
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FIGURE 7.1.2 Expression of Mcm2 and K167 in radial scar and tubular
carcinoma of the breast

I

B9
• /

» ♦

'D

G H

A. Expression o f  Mcm2 is seen in over 50% o f  neoplastic cells in a tubular carcinoma o f  the breast (x200 magnification)
B. The Mcm2 labelling index in individual glands is similar (>50%) to that in the lesion as a whole (x400 magnification)
C. Expression o f  Ki67 is seen in under 5% o f  neoplastic cells in a tubular carcinoma o f  the breast (x200 magnification)
I). The Ki67 labelling index in individual glands is similar (<5%) to that in the lesion as a whole (x400 magnification)
E. Expression of Mcm2 is seen in under 5% o f  epithelial cells in a radial scar (x200 magnification)
F. The Mcm2 labelling index in individual glands is similar (<5%) to that in the lesion as a whole (x400 magnification)
(T Expression o f  Ki67 is seen in around 1% o f  epithelial cells in a radial scar (x200 magnification)
H. The Ki67 labelling index in individual glands is similar (around 1%) to that in the lesion as a whole (x400 magnification)
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7.1.4 Discussion

Radial scars are considered to be benign breast lesions with similar clinical and 

radiological appearances to invasive tubular carcinoma (Keen et a l, 1985). Their clinical 

importance has increased with the introduction of mammographie screening, and they 

now compose almost 10% of all mammographically detected lesions. The presence of 

certain histological features renders these lesions readily distinguishable from tubular 

carcinoma in resection specimens, but since a large proportion of radial scars are 

currently diagnosed on core biopsy breast specimens, often on the basis of few glands, 

this can lead to areas of diagnostic difficulty.

The results of this initial study suggest that there is a difference in the percentage of 

epithelial cells expressing Mcm2 protein between radial scars and tubular carcinomas, 

with median Mcm2 LIavc of 17% and 25% respectively. Indeed, seven out of ten tubular 

carcinomas were found to have a Mcm2 LIavb greater than 25%, compared to only one of 

five radial scars. Similar findings were obtained when the expression of Mcm2 in 

individual glands from the centre of radial scars was compared with that in glands of 

tubular carcinoma. The median Mcm2 Lloiand was 10% for radial scars and 36% for 

tubular carcinomas, with seven out of ten tubular carcinomas showing Mcm2 L I g l a n d  

values over 25%, compared to only one of five radial scars.

Interestingly, the high value for Mcm2 LUve and Lloiand obtained in one of the cases of 

radial scar was associated with a large size (8mm) and considerable amount of epithelial 

hyperplasia (>50%) in the lesion. The presence of these histological features suggests this 

case may be more accurately regarded as a complex sclerosing lesion (CSL) rather than a 

simple radial scar. Since some CSLs may behave more aggressively than radial scars, it is 

of interest that this case exhibited higher levels of proliferation than conventional radial 

scars.

Although the data from this study suggest that assessment of Mcm2 expression, 

particularly the Mcm2 L lo ia n d  value, may be useful in the distinction of tubular carcinoma 

from radial scar (Table 7.1.3), the findings need to be validated in a larger series of cases. 

An immunoenhanced approach may be useful in other areas where a benign lesion 

mimics the histological appearance of a neoplasm, particularly in the field of 

dermatopathology and soft tissue tumours, and could enable the treatment of these lesions 

to be started earlier on the basis of the core biopsy findings.
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7.1.5 Conclusion

The expression of Mcm2 protein may facilitate the distinction of radial scar from 

tubular carcinoma in core biopsy breast tissue, thereby allowing the surgeon to perform a 

wide local excision and sentinel lymph node sampling at the time of initial treatment if 

the core biopsy diagnosis favours tubular carcinoma.
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7.2 Expression of minichromosome maintenance-2 (Mcm2) protein may 

facilitate the distinction of benign from malignant Leydig cell tumours of 

the testis

7.2.1 Introduction

7.2.1.1 Definition

Leydig cell tumours of the testis are rare, accounting for around 1% of all testicular 

neoplasms (Collins, 1964; Ward et al., 1960). Since their description by Sacchi in 1895, 

about 250 cases have been reported in the literature, with the majority of these being benign 

lesions and only 10% of testicular Leydig cell tumours showing clinical features of malignant 

behaviour (Sacchi, 1895; Silverberg et a l, 1966). Although these tumours may occur at any 

age, the peak incidence of disease occurs in the 3rd and 4th decades of life with almost 50% 

of all Leydig cell tumours occurring within this age range.

7.2.1.2 Clinical presentation

Patients typically present with a painless testicular mass and subsequently develop 

bilateral gynaecomastia in up to 20% of cases, due to the production of high levels of 

androgens and oestrogens by tumour cells (Gabrilove, 1975; Freeman, 1991). Bilateral 

gynaecomastia generally arises synchronously, although it may arise metachronously in 10% 

of cases (Caldamone et a l, 1979). Rarely, the hormonal effects of these tumours may first 

become evident in children, who show signs of precocious pseudopuberty in the absence of 

testicular spermatocytic maturation. However, these symptoms usually regress after removal 

of the tumour and do not cause long-term sequelae.
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7.2.1.3 Macroscopic appearance

Leydig cell tumours usually form well-circumscribed nodules, measuring up to 5cm in 

size, with a distinctive homogeneous golden cut surface. They may be separated from the 

adjacent normal testis by a thin rim of fibrous tissue and may contain foci of haemorrhage, 

necrosis or mucoid degeneration in up to 25% of cases.

7.2.1.4 Microscopic appearance

The tumour consists of pleomorphic cells arranged in solid sheets or clusters separated by 

thin fibrous septae. Each cell has a round, central nucleus, with finely dispersed chromatin, a 

prominent nucleolus and abundant granular cytoplasm. The cytoplasm frequently contains 

lipid granules, vacuoles or lipofuscin pigment, and characteristic rod-shaped crystalloids of 

Reinke occur in about 25% of tumours.

7.2.1.5 Distinction of benign and malignant tumours (Table 7.2.1)

7.2.1.5.1 Morphological features

About 10% of all Leydig cell tumours show evidence of malignant behaviour in terms of 

tumour recurrence or metastatic spread (Tamoney et al., 1969; Chen et al., 1982; Balsitis et 

a l, 1990; Grem et al., 1986). It has previously been proposed that the diagnosis of 

malignancy in Leydig cell tumours of the testis may be made in selected cases on the basis of 

histological features such as lymphatic invasion, cellular pleomorphism and atypical mitoses 

(Gharpure, 1950).

A study performed in 1985, on a series of five malignant and 14 benign Leydig cell 

tumours of the testis, examined the potential value of specific histological features in 

predicting the future biological behaviour of these tumours. All five malignant tumours 

showed evidence of tumour recurrence or metastasis within a two year follow-up period, 

compared to none of the benign tumours. The authors found that clinically malignant 

tumours were relatively large (usually greater than 5cm), had an infiltrative margin, a high
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mitotic count (>3/10 HPF; size of HPF not defined) and showed evidence of vascular 

invasion and cellular atypia, compared to their benign counterparts (Kim et a l, 1985).

A further study performed in 1998, examining 7 malignant and 23 benign testicular Leydig 

cell tumours, confirmed that large size, marked nuclear pleomorphism, high mitotic rate, 

necrosis and vascular invasion were potentially important factors in predicting malignant 

behaviour in this tumour type (Cheville et a l, 1998). Similar findings have been reported by 

other groups (Palazzo et a l, 1994; McCluggage et al., 1998).

In contrast, there is evidence to suggest that a significant number of biologically 

aggressive Leydig cell tumours lack characteristic microscopic features of malignancy, and 

that their clinical course can not be predicted purely on the basis of histological features 

(Petersen, 1992). Indeed, the value of using histological features to predict tumour outcome 

is limited by the fact that uncertainty remains in many individual cases, and it is often 

difficult to predict the course of any given case on histological criteria alone (Mostofi and 

Price, 1973; McCluggage et a l, 1998).

Feldman et al. reported the case of a testicular Leydig cell tumour that showed evidence of 

metastatic spread two years after initial excision. The histological features of this tumour 

were similar to those of non-neoplastic Leydig cells and benign Leydig cell tumours, except 

for increased nuclear pleomorphism and absence of Reinke crystals. In particular, the 

malignant tumour did not show evidence of mitoses, vascular invasion or extension to the 

epididymis. As a result, the authors suggested that some malignant Leydig cell tumours may 

be virtually indistinguishable histologically from their benign counterparts, only being 

identified from electron microscopic features indicating high hormone production (Feldman, 

1982).

In recent years, studies have examined the potential utility of immunohistochemical and 

flow cytometric techniques, as an adjunct to routine morphological criteria, in the distinction 

of malignant from benign cases of testicular Leydig cell tumours:

7.2.1.5.2 Flow cytometry

A study performed by Palazzo et al. in 1994 analysed 13 Leydig cell tumours (ten benign 

and three malignant) using a flow cytometric approach. The results showed that nine of the
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ten benign tumours examined were diploid, with a DNA index of 0.9-1.0. Only one benign 

case showed features of aneuploidy, with a DNA index of 1.2. In contrast, all three malignant 

tumours examined were found to be aneuploid, with DNA indices ranging from 1.2-1.4. The 

authors thus concluded that measurement of DNA content by flow cytometry could be 

employed as a useful prognostic indicator in Leydig cell tumours lacking histological 

features of malignant behaviour.

7.2.1.5.3 Immunohistochemistry

A study of 20 testicular Leydig cell tumours (16 benign and four malignant) performed in 

1998 examined the potential utility of routine histological criteria, and the biological markers 

Ki67 and p53, in the distinction of benign from malignant tumours. It was found that 

malignant Leydig cell tumours were larger than benign tumours, had areas of necrosis and 

exhibited a greater amount of nuclear pleomorphism and mitoses. They also displayed a high 

mean Ki67 labelling index (20-50% cells) and high mean levels of p53 expression (over 50% 

cells) compared to their benign counterparts (McCluggage et al., 1998). The authors 

concluded that these markers could be used to provide additional prognostic information as 

to the future likely biological behaviour of the tumour, as an adjunct to the morphological 

criteria already in clinical use. Similarly, Cheville et al. reported that clinically malignant 

Leydig cell tumours show a significantly higher mean MIBl value (18.6%) compared to their 

benign counterparts (1.2%), and that this may be of value in predicting tumour outcome in 

this tumour type (Cheville et al., 1998). All of these studies have utilised the mean labelling 

indices of the markers examined, and have not attempted to take into account the staining 

variability seen in tissue sections by calculating average and maximal labelling indices for 

each specimen.

A further study in 1998 examined the expression of immunohistochemical markers 

including inhibin A, chromogranin and synaptophysin in 26 benign and seven malignant 

testicular Leydig cell tumours. The results suggested that the presence of inhibin A in 100% 

of Leydig cell tumours could be used to differentiate these neoplasms from germ cell 

tumours of the testis. Furthermore, the authors reported that chromogranin was expressed in 

only 43% of malignant Leydig cell tumours compared to 92% of benign counterparts, and
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that its expression may be a useful additional biological marker in the distinction of benign 

from malignant Leydig cell tumours (Iczkowski et a i, 1998).

Table 7.2.1 Features useful in the distinction of benign and malignant testicular

Leydig cell tumours

A uthor

(year)

Cases 

B M

M ean

Age

Tum

Size

Nuc

Pleo

M I . Nec. Vas.

Inv.

KI67

LI

p53

LI

CrgA

LI

DNA

Ploidy

Gharpure

(1950)

0 1 ND - + + - + ND ND N D ND

Feldman

(1982)

0 1 N D - + - - - ND ND ND N D

Kim

(1985)

14 5 + >5 + >3 + + ND ND N D N D

Palazzo

(1994)

10 3 + >5 + + - - ND ND ND +

McCluggage

(1998)

16 4 + + + + + +/_ >10% >10% ND +

Cheville

(1998)

23 7 + + + + + + + ND ND +

Iczkowski

(1998)

26 7 ND ND ND ND ND ND ND ND + ND

Where numerical values were provided, they are cited in the table 

+ = evaluated and found to be useful as prognostic indicator 

- = evaluated and found not to be useful as prognostic indicator 

ND = not done

B = benign M.I. = mitotic index (per 10 HPF)

M = malignant Nec. = necrosis

Tum size = tumour size (cm) Vas. inv. = vascular/lymphatic invasion

Nuc pleo = nuclear pleomorphism CrgA = chromogranin

LI = labelling index

244



7.2.1.6 Aims

The main aims of this study were to;

1) Examine whether expression of the MCM proteins may be used as an independent 

prognostic indicator, to predict future biological behaviour of Leydig cell tumours

2) Compare the Mcm2 expression of a range of benign and malignant Leydig cell tumours 

with results obtained for the conventional proliferation marker Ki67, as well as for 

histological indicators of malignancy such as tumour size and mitotic index

3) Assess whether the average or maximal Mcm2 labelling index (LIavc or LiMax) may be of 

greater prognostic value in the evaluation of testicular Leydig cell tumours

7.2.2 Materials and Methods

7.2.2.1 Case selection

A single representative formalin-fixed, paraffin-embedded block was selected from 

seventeen benign and six malignant Leydig cell tumours referred to the Histopathology 

Department of University College Hospital, London over a 20-year period (1977-1997). 

Survival data was available in all 23 cases, with the information obtained from clinical 

follow-up by the surgical consultant.

All tumours were treated by initial surgical excision, without the use of adjuvant 

chemotherapy or radiotherapy. Tumours showing subsequent evidence of recurrence or 

metastatic disease within two years of excision were regarded as displaying features of 

malignant biological behaviour, irrespective of the histological appearance of the tumour. In 

contrast, tumours without clinical evidence of recurrence or metastasis within two years of 

excision were defined as benign. Eleven of the seventeen patients with benign tumours were 

foliowed-up for five years or more.
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1,1.2.2 Immunohistochemistry

A standard protocol for the immunostaining of formalin-fixed, paraffin-embedded tissue 

was performed as described in section 2.3.2, using mouse monoclonal antibodies against 

Mcm2 (provided by Dr. Steve Dilworth, Imperial College, London) and Ki67 (Immunotech, 

Miami, USA) at optimal dilutions of 1:15 and 1:100 respectively.

T.2.2.3 Quantitation of staining

All stained slides were reviewed by two blinded, independent observers and examined for 

expression of Mcm2 and Ki67 protein. Average and maximal labelling indices (LUve and 

LImbx) for Mcm2 and Ki67 were calculated as a percentage of immunopositive nuclei, using a 

count of 400 cells per section. The LUve was defined as the mean labelling index of the entire 

section. In contrast, the maximal frequency of immunoreactivity in a tumour section, LImbx, 

was obtained by systematic examination of sections under low magnification in order to 

identify the area with the highest density of nuclear immunopositivity. Four hundred cells 

were counted in this selected area, in order to obtain the highest LI for the tumour section. 

The median and range of the labelling indices were calculated and statistical analysis was 

performed using the Wilcoxon rank sum test. A two-sided p value of less than 0.05 was 

considered to be significant.

7.2.2.4 Mitotic index

Mitotic counts were quantified as the number of mitotic figures seen in 10 representative 

high power fields (HPF) of each tumour section. Each high power field represented an area 

of 0.196mm^.
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7.2.3 Results (Figure 7.2.1, Figure 7.2.2)

7.2.3.1 Benign tumours

7.2.3.1.1 Clinical parameters

Results from a total of 17 benign Leydig tumours are shown in Table 1.2.2. Patients 

ranged in age from 25-60 years, with a median age of 43 years. The tumours were generally 

under 5cm in size, except for 2 cases measuring 6cm and 8cm respectively. The median 

tumour size was 2.5cm.

7.2.3.1.2 Histopathological features

Although these tumours showed many histological patterns, they were predominantly 

composed of diffuse sheets of polygonal neoplastic Leydig cells. None of the benign Leydig 

cell tumours was found to have evidence of histological features suggestive of malignant 

behaviour (see Table 7.2.1).

7.2.3.1.3 Indices o f  cell proliferation

In 16 of 17 benign cases, mitoses were either rarely present or absent altogether (0-1 

mitotic figures per 10 HPF). The values for Ki67 Ll^ve and Ki67 L%Max in these cases ranged 

from 0-4% and 0-8% respectively. The values obtained for Mcm2 were considerably higher 

than those for Ki67, with Mcm2 Ll^ve and Mcm2 LiMax ranging from 4-15% and 8-31% 

respectively.

In the remaining case, a 2cm tumour that had shown no evidence of malignant behaviour 

over a follow-up period of 11 years, mitoses were seen in increased numbers (12 mitotic 

figures per 10 HPF). The Ki67 Ll^ve and Mcm2 LIavc values were 7% and 23%, and the Ki67 

LiMax and Mcm2 LiMax values were 19% and 63% respectively.

The median mitotic index for all 17 cases was 0 with a range of 0-12 mitotic figures per 10 

HPF. The median Ki67 LIavc and Ki67 Ll^ax for all 17 cases were 1% (range 0-7%) and 2%
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(range 0-19%), with equivalent Mcm2 LIavc and Mcm2 lAuax values of 10% (range 4-23%) 

and 17% (range 8-63%) respectively.

1,23.2 Malignant tumours

7.2.3.2.1 Clinical parameters

A  total of six malignant Leydig cell tumours was included in this study (Table 7.2.3). 

Patients ranged in age from 44-85 years, with a median age of 69 years (benign vs. 

malignant, p<0.01). The tumours were considerably larger than their benign counterparts and 

ranged from 5-10cm in size, with a median tumour size of 7cm (benign vs. malignant, 

p<0.05). In all six patients, follow-up showed clinical evidence of recurrent or metastatic 

disease within two years of primary excision of the tumour, compared to the disease-free 

survival of patients with benign tumours.

7.2.3.2.2 Histopathological features

All the malignant tumours had features suggestive of malignant potential, including 

nuclear pleomorphism, foci of necrosis and infiltrative margins. Only two of the cases 

showed unequivocal evidence of vascular or lymphatic permeation.

7.2.3.2.3 Indices o f cell proliferation

These tumours showed a significantly higher mitotic rate than their benign counterparts, 

with a median of 4.5 mitotic figures per 10 HPF (range 2-24, benign vs. malignant p<0.001).

The median values obtained for Ki67 LIavb and Ll^ax were significantly higher than in the 

benign tumours, at 13% (range 7-28%, benign vs. malignant p<0.001) and 62% (range 24- 

74%, benign vs. malignant p<0.001) respectively. Significantly higher levels of Mcm2 

expression were also seen in malignant tumours, with a median Mcm2 LIavb and Ll^ax of 

49% (range 21-69%, benign vs. malignant p<0.001) and 88% (range 65-95%, benign vs. 

malignant p<0.001) respectively.
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Although the levels of Ki67 expression were high in all malignant tumours examined, 

individual Ki67 Ll^ax values showed a greater range of variation (24-74%) than the values 

obtained for Mcm2 LiMax (65-95%). Interestingly, the values for Mcm2 LImsx also showed 

less variation than the corresponding Mcm2 LIavc values (Figure 7.2.1).

Table 7.2.2

Expression of Mcm2 and K167 in benign testicular Leydig cell tumours

Case Age Tumour 
size (cm)

Patient
follow-up

M.I.
per 10 
HPF

Mcm2
CIavc

Mcm2
Lljviax

Ki67
CIavc

Ki67
Cljviax

1 - - A+W 2years 1 10% 23% 2% 2%
2 25 - A+W 2 years 0 10% 17% 1% 5%
3 52 6.0 A+W 2years 1 12% 25% 1% 8%
4 - 1.7 A+W 2years 0 4% 9% 1% 1%
5 45 1.5 A+W 2years 0 5% 8% 1% 4%
6 25 - A+W 3 years 0 12% 20% 1% 7%
7 28 1.5 A+W 5 years 1 4% 14% 1% 1%
8 27 1.5 A+W 5years 0 7% 17% 2% 4%
9 46 8.0 A+W 6 years 0 10% 31% 4% 7%
10 60 3.0 A+W 8years 0 7% 20% 0% 1%
11 28 - A+W 9years 0 14% 17% 1% 1%
12 52 - A+W 9years 1 7% 17% 2% 3%
13 41 1.5 A+W 9years 0 4% 11% 1% 2%
14 60 2.0 A+W 11 years 12 23% 63% 7% 19%
15 - 4.5 A+W 12years 1 10% 10% 0% 0%
16 37 4.5 A+W 12years 0 14% 23% 1% 1%
17 50 3.5 A+W 24years 0 15% 27% 1% 1%

Median 43 2.5 6years 0 10% 17% 1% 2%

A+W=alive and well

M.I. = mitotic index

HPF = high power field (0.196mm^)

LI = labelling index
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Table 7.2.3 Expression of Mcm2 and K167 in malignant testicular Leydig cell tumours

Case Age Tumour 

size (cm)

Patient

follow-up

M.I.

per 10 HPF

Mcm2

LIavc

Mcm2

LI]VIax

Ki67

LIavc

Ki67

Lljviax

18 44 10.0 DOD 1 year 4 41% 77% 12% 55%

19 85 - DOD 1 year 2 41% 65% 8% 24%

20 70 - MET 1 year 14 57% 90% 28% 68%

21 79 5.0 REC 2years 3 58% 91% 14% 47%

22 68 6.0 DOD 2years 24 69% 95% 28% 68%

23 44 8.0 DOD 2years 5 21% 85% 7% 74%

Median 69 7.0 l.Syears 4.5 49% 88% 13% 62%

DOD = died of disease REC = recurrent tumour MET = metastasis

M l. = mitotic index HPF = high power field (0.196mm^) LI = labelling index

Table7.2.4 Summary of differences between benign and malignant testicular Leydig

cell tumours

Parameters Benign 

Median (range)

Malignant 

Median (range)

Significance

Number of cases 17 6 -

Age 43 (25-60) 69 (44-85) p<0.01

Size (cm) 2.5(1.5-8.0) 7.0(5-10) p<0.05

Mitoses/10 HPF 0 (0-12) 4.5 (2-24) p<0.001

Ki67LlAve 1% (0-7) 13% (7-28) p<0.001

Ki67 Ll^ax 2%(0-19) 62% (24-74) p<0.001

Mcm2 LIavc 10% (4-23) 49% (21-69) p<0.001

Mcm2 LImbx 17% (8-63) 8894(65-95) p<0.001
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FIGURE 7.2.1 Comparison of tumour size, mitotic index Mcm2 and Ki67 labelling
indices in benign and malignant testicular Leydig cell tumours
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A. Malignant testicular Leydig cell tumours were significantly larger than their benign counterparts (p<0.05). 
However, individual values showed considerable overlap between the two groups; B. The majority of benign 
testicular Leydig cell tumours showed minimal or absent mitotic activity compared to malignant tumours. One 
benign tumour, however, was found to have a higher mitotic rate, which overlapped with the values for the 
maUgnant tumours examined; C.-D. The expression of Ki67 LÎ ^̂  (C) and (D) in malignant tumours was 
significantly higher than the values found in benign tumours. However, the relatively wide range of Ki67 
values in malignant tumours suggests that this index may be less predictive of future tumour behaviour than 
Mcm2 LIj^ ;̂ E.-F. The expression of Mcm2 LÎ ĝ(E) and (F) was significantly higher in malignant 
tumours than in their benign counterparts. The titter  distribution of Mcm2 LÎ ^̂  values indicates that this 
measurement may be a more useful discriminant of benign and malignant testicular Leydig cell tumours than 
Mcm2 Ll ŷg values. 251



FIGURE 7.2.2 Expression of Mcm2 in testicular Leydig cell tumours
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A.-D. The majority o f benign testicular Leydig cell tum ours show a low level o f proliferative activity, with Mcm2 
expression restricted to under 20% of all neoplastic cells (x400 magnification). However, one case o f  benign testicular 
Leydig cell tum our (B) shows a high level o f proliferative activity, with a Mcm2 LI o f over 60%. Although indicating 
that a considerable proportion o f tumour cells are in cycle, the resulting small size o f  this tum our (2cm ) suggests its growth 
may be restricted by other mechanisms.

E. -H. All malignant testicular Leydig cell tumours show a high rate o f proliferation, with up to 90% o f the neoplastic cells 
expressing Mcm2 protein (x400 magnification).
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7.2.4 Discussion

About 10% of Leydig cell tumours of the testis show evidence of subsequent recurrence or 

metastasis (Grem et a l, 1986). Whilst some tumours destined to recur show histological 

criteria of malignancy such as nuclear pleomorphism, vascular invasion and foci of necrosis 

(Kim et a l, 1985; Cheville et a l, 1998), other lesions lacking these morphological features 

may also behave in an aggressive manner (Feldman et a l, 1982; Petersen, 1992). It has 

recently been suggested that markers of cellular proliferation and nuclear aneuploidy may be 

useful in the identification of malignant Leydig cell tumours which lack the typical 

morphological criteria distinguishing them from benign tumours (Palazzo et a l, 1994; 

McCluggage et a l, 1998; Cheville et a l, 1998).

In the present study, the potential utility of Mcm2 protein expression for the distinction of 

benign from malignant Leydig cell tumours has been evaluated, and the results compared 

with other variables reported to be predictive of malignant biological behaviour in this 

tumour type, including mitotic index and Ki67. The advantage of this approach over the 

previously published studies investigating Leydig cell tumours is that both the Ll^ve and LImsx 

have been calculated for Mcm2 and Ki67, in order to take into account any heterogeneity 

within these tumours.

The results from this study confirm the previously published data (Table 7.2.1) showing 

that benign testicular Leydig cell tumours arise in younger patients and are smaller in size 

than malignant tumours (McCluggage et a l,  1998; Kim et a l, 1998). Although malignant 

tumours in this study generally presented in patients over the age of 50 and were often larger 

than 5cm in size, there was some overlap in individual values of size and patient age for 

benign and malignant tumours.

The results further show that benign testicular Leydig cell tumours usually exhibit 

relatively low proliferative activity, with a median Ki67 L%Max and Mcm2 LImsx of 2% and 

17% respectively (Table 7.2.2). The median Ki67 Ll^ve value obtained (1%) agrees with 

findings in both of the previous studies that have investigated this marker (Cheville et a l, 

1998; McCluggage et a l, 1998). The observation that Mcm2 identifies a larger number of
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proliferating cells than Ki67 is also consistent with previous studies (Todorov et al., 1998; 

Chapters 1 and 3 of this thesis).

Interestingly, one of the seventeen benign Leydig cell tumours examined showed a high 

Mcm2 LiMax and Ki67 LiMax, which came close to the range of values seen in the malignant 

tumours. This 2cm tumour was also found to have a high mitotic index, and presented in a 

patient aged 60. But, despite the high patient age and increased proliferative activity 

normally seen in more aggressive tumours, there was no clinical evidence of tumour 

recurrence or metastasis in this patient during a follow-up period of 11 years.

The malignant Leydig cell tumours examined in this study showed a significantly higher 

mitotic index, Ki67 LIavc, Ki67 LImsx, Mcm2 Ll^ve and Mcm2 LImax than their benign 

counterparts. The mitotic index showed some overlap for benign and malignant tumours, 

limiting the potential utility of this variable as an accurate predictor of tumour behaviour. 

However, there was virtually no overlap in values for Mcm2 LIavc and Ki67 L%Ave or for 

Mcm2 Lliviax and Ki67 Ll^ax between benign and malignant tumours.

It is of interest that individual values of Mcm2 Ll^ax (65-95%) show minimal overlap 

between malignant and benign tumours. Moreover, there is less variability in individual 

values of Mcm2 Ll̂ iax than those of Ki67 LiMax (24-74%) or Mcm2 LIavc (21-69%). This 

finding suggests that evaluation of Mcm2 LiMax expression may be of particular value in the 

prognostic assessment of testicular Leydig cell tumours.

7.2.5 Conclusion

The results from this study show that analysis of Mcm2 or Ki67 expression, particularly 

the Mcm2 LImsx value, may be a useful discriminant of benign and malignant testicular 

Leydig cell tumours. Antibodies against MCM proteins may thus be used as an independent 

variable to provide prognostic information about the subsequent biological behaviour of 

testicular Leydig cell tumours, as an adjunct to morphological criteria in current use, 

allowing patients at risk of recurrence to be identified and given appropriate treatment and 

follow-up.
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Chapter 8

General Summary

8.1 MCM proteins as potential markers of cell proliferation

The MCM proteins, first discovered in yeast, are a family of closely related proteins with 

striking sequence homology. Similar classes have been found in Xenopus, murine and human 

cells, with significant conservation of gene sequences (Dutta and Bell, 1997). The MCM 

proteins form a pre-replicative complex by binding to DNA sites at which the ORC and Cdc6 

proteins have already sequentially bound. This complex acts as a “license” permitting DNA 

replication and then dissociates irreversibly, limiting replication to once per cell cycle 

(Romanowski and Madine, 1997).

Recent studies on cell lines have shown that, although the level of ORC proteins remains 

stable throughout the cell cycle and even in quiescence, MCM and Cdc6 proteins are only 

present in cycling cells, being rapidly lost in differentiating and quiescent cells (Stoeber et 

a l, 1998; Yan et al., 1998). These observations suggest that antibodies against MCM and 

Cdc6 proteins may be used as sensitive and specific markers of proliferating cells in clinical 

material.

8.2 Advantages over existing proliferation markers

Although existing markers of cell proliferation, including proliferating cell nuclear antigen 

(PCNA) and Ki67, have been available for many years, their clinical use has been restricted 

by recognised limitations:
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8.2.1 PCNA (see section 1.3.3.1)

PCNA is a 36,000 kDa nuclear protein that acts as an auxiliary factor for DNA polymerase 

Ô and is thus involved in DNA repair mechanisms as well as replication (Hall et a l, 1990). 

However, it also interacts with several other proteins including cyclin-CDK complexes and 

CDK inhibitors, including p21, and may be involved in cell cycle arrest induced by DNA 

damage. In particular, the intensity of staining for PCNA can be affected by a variety of 

external tissue factors including tissue type and fixation time. There is often lack of staining 

in areas with closely packed fibrous connective tissue or poorly fixed central parts of the 

specimen, leading to inconsistent results (Rowlands et a l, 1991). As a consequence, PCNA 

is now rarely used as a clinical marker of cell proliferation.

8.2.2 KÎ67 (see section 1.3.3.2)

Although numerous studies have shown a correlation between expression of Ki67 and the 

growth fraction of proliferating cells, the function of the Ki67 antigen remains largely 

unknown (Yu et a l, 1992). Indeed, there is evidence that Ki67 may not be essential for DNA 

replication in certain clinical situations (Verheijen et a l, 1989). Furthermore, since Ki67 may 

only accumulate in late G l, anti-Ki67 antibodies may be unable to detect a small proportion 

of proliferating cells in the early stages of Gl (Gerdes et a l, 1984), potentially limiting their 

clinical usefulness as markers of cell proliferation.

8.3 Characterisation of MCM expression in normal and neoplastic tissues

The initial aim of the work reported in this thesis was to characterise the expression of 

MCM proteins in a wide range of normal, inflamed, dysplastic and neoplastic tissues from 

different anatomical locations (see Chapter 3). The findings confirm that the expression of 

MCM proteins is tightly regulated in normal tissues, being restricted to the basal layer of 

normal stratified epithelia. A similar frequency of expression of MCM proteins is seen in 

inflamed and reactive tissues. In contrast, dysplastic and neoplastic lesions show significant 

deregulation of cell proliferation, with over 90% of cells in severe dysplasias and neoplasias
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expressing MCM proteins, including the majority of cells at the surface of severely dysplastic 

lesions. The differential expression of MCM proteins between normal or inflamed tissues and 

dysplastic or neoplastic tissues suggests that antibodies against MCM proteins may be used 

to distinguish between neoplastic cells and their non-neoplastic counterparts. This approach 

may be of potential value not only in histological sections but also in cytological preparations 

from various anatomical sites.

8.4 Use of MCM proteins to identify dysplastic cells in cytological preparations

A significant proportion of neoplastic lesions may now be identified by examination of 

cytological preparations from various anatomical sites. Although advances in 

immunocytochemistry have improved the sensitivity and specificity of this approach, 

accurate identification of dysplastic and neoplastic cells in cytological specimens remains a 

common cause of difficulty in diagnostic cytopathology. Currently, the use of 

immunohistochemical markers in clinical practice is restricted to distinction of tumour cells 

of different types and to providing prognostic information in specific tumours (Li et al., 

1989). The biological markers presently available are of much less value in enabling 

dysplastic and neoplastic cells to be distinguished from reactive or degenerative cell 

populations with similar morphological features (Shield et a l, 1996).

In particular, the assessment of cytological specimens from the respiratory, gastrointestinal 

and urinary systems is often difficult, due to the presence of relatively few dysplastic or 

malignant cells in a background of normal cells, which may show reactive or degenerative 

changes. It can be very difficult to distinguish cells showing malignant features from benign 

cells with similar morphological changes. Antibodies against MCM proteins may be used to 

facilitate the identification of dysplastic and neoplastic cells in a wide variety of cytological 

preparations from different anatomical sites (see Chapter 4).

A large-scale evaluation of the potential utility of antibodies against the MCM proteins is 

now warranted. The analysis of MCM expression may be of potential value in identifying 

asymptomatic individuals with preinvasive or early invasive neoplastic lesions and may 

ultimately enable the introduction of cost-effective noninvasive screening tests for the early
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detection of commonly-occurring neoplasms. Current screening programmes are in place for 

the early detection of cervical, breast and colorectal carcinoma, but they have inherent 

limitations in terms of cost and patient compliance (Cuzick, 1999). Some of these screening 

tests involve the use of expensive imaging equipment and may entail invasive procedures, 

which are labour intensive and require careful interpretation. This causes an increase in the 

cost and organisational infrastructure needed for the investigations, and lowers patient 

compliance. As a result, the concept of screening has only been adopted in Western 

countries, and is currently not available in most of the countries where it is urgently needed.

An advantage of the immunoenhanced approach reported here is the fact that it may be 

amenable to automation, enabling large numbers of cytological preparations to be screened 

rapidly. This may be particularly useful as part of population-based screening programmes 

for early detection of common carcinomas, by providing cost-effective, non-invasive 

approaches for identification of dysplastic cells in cytological preparations.

8.5 Use of MCM proteins in differential diagnosis

A particular problem in diagnostic histopathology is the fact that a benign lesion may 

morphologically resemble a malignant lesion in certain clinical situations. For example, the 

histological and radiographic appearances of a radial scar of the breast can mimic those of an 

invasive tubular carcinoma, particularly if the diagnosis is based on core biopsy investigation 

of a mammographically-detected lesion. In particular, there may be an overlap between the 

histological features seen in these lesions, making differentiation unreliable on 

morphological criteria alone. The finding that the frequency of MCM expression appears to 

be higher in glands originating from tubular carcinomas than those from radial scars may 

facilitate the distinction of these lesions in core biopsy breast tissue (see Chapter 7). This 

may provide the breast surgeon with an opportunity to perform a wide local excision and 

sentinel lymph node biopsy at the time of the initial treatment of the patient, reducing the 

need for re-excision at a later date.

The same approach may be useful for other benign conditions that mimic malignancy, 

including skin conditions such as Spitz naevus that can resemble the appearance of malignant
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melanoma. Although currently differentiated on the basis of histological criteria, some 

features overlap, and a small tissue specimen may not enable accurate distinction of these 

lesions by morphological criteria alone. The advantage of an immunohistochemical approach 

using antibodies against MCM proteins may be to enable distinction of Spitz naevus from 

malignant melanoma on the basis of their biological characteristics, rather than their 

morphology, and allow more appropriate treatment to be provided.

8.6 Use of MCM proteins as prognostic markers

Although previous studies have examined the prognostic value of clinical and histological 

parameters, including existing proliferation markers PCNA and Ki67, in predicting the future 

biological behaviour of benign meningiomas, none of the factors investigated has been 

conclusively shown to be predictive of tumour recurrence. In contrast, antibodies against 

MCM proteins have been shown to be of potential utility in the identification of benign 

meningiomas that are destined to recur within five years of complete macroscopic excision 

(see Chapter 5). These antibodies may similarly facilitate the distinction of benign testicular 

Leydig cell tumours from their malignant counterparts, as an adjunct to the routine 

morphological assessment of these lesions (see Chapter 7). In these cases, analysis of the 

expression of MCM proteins may provide valuable prognostic information, enabling 

identification of patients in need of adjuvant forms of treatment, and/or close follow-up.

8.7 Future projects

The work contained in this thesis has highlighted several areas in the field of 

histopathology and cytopathology where the use of antibodies against MCM proteins may be 

of value in the diagnostic assessment of pathological specimens. This work is presently being 

extended through collaborative large-scale clinical trials with the aim of validating the 

current findings in a larger series of cases. There are also plans to investigate other organ 

systems in greater depth, including skin and soft tissue tumours and lesions of the breast and 

hepatobiliary system, with the aim of improving the detection of early tumours at these sites.
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