
WHAT IS CANER CHEMOPREVENTION?

Cancer chemoprevention is the prevention of cli-

nical cancer by giving drugs or dietary constituents

prior to or during the early phases of precancerous

neoplasia, i.e., while the neoplastic process is still

confined to the intraepithelial compartment and has

not yet become invasive. Chemoprevention

includes the prevention and treatment of genomic

instability, the earliest alteration in the carcino-

genic process, which begins in normal appearing

epithelium prior to the occurrence of dysplasia and

long before invasiveness. Genomic instability is a

condition of the cellular DNA characterized by

ever-expanding structural abnormalities and

mutations; it is produced by exposure to

carcinogens from the environment or by inherited

abnormalites of DNA repair, such as those found

in Fanconi's Anemia, Ataxia Telangiectasia, or

Xeroderma Pigmentosum. The major criterion for

the diagnosis of cancer is invasiveness, or

impending invasiveness evidenced by full-thickness

severe dysplasia (also called carcinoma in situ).

Thus, the treatment of intraepithelial neoplasia with

drugs can be viewed either as the chemoprevention

of neoplastic progression from the intraepithelial,

precancerous state to the invasive, cancerous

state, or as the chemotherapy of intraepithelial

neoplasia.

HOW DO CANCER CHEMOPREVENTIVE

DRUGS WORK? ANS: BY SLOWING OR

STOPPING NEOPLASTIC CLONAL

EVOLUTION

What is Clonal Evolution?

Clonal evolution is the continuous appearance

within a neoplastic cell population of mutant cells

able to escape ambient growth control

mechanisms and form clonal expansions which

compete with each other on the basis of fastest

growth rate1,2). Vogelstein3) has revealed an

outstanding demonstration of clonal evolution in

adenomatous polyps of the colon: he showed that

during the progression of intraepithelial neoplasia in

the polyps, there occurs a series of genetic lesions,

each of which is associated with a wave of

overgrowing clonal cells.

Clonal evolution is the underlying mechanism by

which neoplasms tend to develop ever-greater

structural and functional diversity. The emergence

of resistant clonal cell variants out of this diversity

is the means by which neoplasms escape nornal

growth controls and also become resistant to

chemotherapeutic agents and radiotherapy.

Frequently, more than one genetically altered clone

is found in different parts of a tumor, either by

direct visualization or by genetic analysis. The

different histological patterns used by the
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pathologist to construct the Gleason score in

prostate cancer, for example, are derived from

separate clonal expansions of cells.

How Do Chemopreventive Drugs Slow or Stop

Clonal Evolution?

This question requires a few background com-

ments before it can be answered. Combustion pro-

ducts of cigarettes and fossil fuels contain both

mutagenic and proliferation-inducing mitogenic

molecules, as well as irritant molecules that induce

epithelial proliferation associated with reactive

inflammation. It is a striking fact that the number

of years before lung cancer appears after starting

to smoke is inversely related to the number of

cigarettes smoked per day4). Interpreted at the

cellular level, this observation indicates that during

the progression of intraepithelial neoplasia induced

in the respiratory mucosa by concurrent exposure

to mutagenic and mitogenic molecules in cigarette

smoke, the more cigarettes smoked per day, the

faster is the rate of clonal evolution to the point of

invasive neoplasia, i.e., cancer. This example in

smokers illustrates the general principle, amply

confirmed by animal experiments5), that the RATE

of clonal evolution in human carcinogenesis is

continuously driven by the DOSE LEVEL of

concurrent exposure to mutagens and mitogens

found in the environment and endogenously6).

Thus, chemopreventive drugs work by suppres-

sing the two concurrent driving forces of neo-

plastic clonal evolution: mutagenesis and mito-

genesis7). Accordingly they are categorized as

being either antimutagens, antimitogens, or both.

Environmental oxidants, such as the organic

oxides and peroxides found in cigarette smoke of

fossil fuel exhausts, and prooxidants, which are

molecules that cause increased production in cells

of superoxide, hydrogen peroxide, and hydroxyl

free radicals, are both mutagenic and mitogenic.

The antioxidant chemopreventive agents that block

them form a category of chemopreventives that are

both antimutagenic and antimitogenic.

Finally, the nonsteroidal antiinflammatory agents

(NSAIDS) form a category of chemopreventives

that work by blocking the arrival at an inflam-

matory site of monocytes, macrophages, and neu-

trophils producing extracellular superoxide and per-

oxide. NSAIDS are essentially antioxidant, and there-

fore are both antimutagenic and antimitogenic in

their action. One example of an antimutagen is

oltipraz, a dithiolethione, which induces

glutathione-s- transferase in tissues, thereby

accelerating the reaction of glutathione with

activated carcinogens that results in their inacti-

vation and excretion. An example of an antimito-

gen is tamoxafen, which blocks the stimulation of

proliferation by estrogen in estrogen-sensitive

tissues. Examples of antioxidants are vitamins C,

E, and the many plant phenolics found in green

vegetables such as the flavonoids, all of which

react with oxidant molecules to form stable,

non-reactive compounds that "soak up" or sca-

venge free radical electrons6). Finally, aspirin is an

example of a category of non-steroidal

antiinflammatory agents which, as a rule, are

cancer chemopreventive in animal models, and, in

the case of aspirin, likely in humans as well8).

The sharp contrast between drugs used for che-

moprevention and drugs used for cancer chemo-

therapy should be noted. Chemopevention uses

drugs that are antimutagenic, whereas chemo-

therapy uses the highly promutagenic alkylating

agents such as nitrogen mustards and ni-

trosoureas. Chemoprevention uses antioxidants,

whereas chemotherapy uses highly prooxidant

antibiotics, such as doxorubicin, bleomycin, and

mitomycin C, which are redox cyclers that ge-



nerate mutagenic and cytotoxic free radical oxy-

gen.

WHAT ARE SURROGATE ENDPOINT

BIOMARKERS (SEBs), AND WHY ARE

THEY NEEDED IN CLINICAL TRIALB

OF CHEMOPREVENTIVE AGENTS?

Surrogate endpoint biomarkers (SEBs) are mole-

cular, cellular, or tissue changes associated with

the neoplastic process which occur prior to the

stage of invasiveness, i.e., during the stage of

intraepithelial neoplasia (see Fig. 1), and which

exhibit a measurable response to chemopre-

ventive agents that accurately predicts their effect

on cancer incidence.

At present, a serious barrier to development of

the field of chemoprevention is the unacceptable

cost (millions of dollars), long duration (5 10～

years), and large scale of effort (thousands of

subjects) required by clinical trials which use the

endpoint of cancer incidence reduction. It is urgent

that the endpoint of cancer incidence reduction be

replaced by surrogate endpoint biomarkers, which

occur much earlier during the preinvasive phase of

neoplastic development. With such surrogate

endpoints the trials can be carried out in a year or

less, and, depending on the precision of the assay

for surrogate endpoints, may require fewer

subjects.

WHAT IS THE ROLE OF

COMPUTER-ASSISTED QUANTITATIVE

IMAGE ANALYSIS (CQIA) IN IMPROVING

THE PRECISION OF SEB ASSAYS?

The advent of computer-assisted cytometric te-

chniques offers the promise of quietly revolu-

tionizing the practice of diagnostic histopathology.

The sensitive and precise measurements of the

morpho-and photometric parameters of dysplasia

made by the computerized image cytometer, when

compared to the present-day alternative of

subjectively estimating such categories as

"moderate to severe", "pleomorphism", or hy-

perchromasia", offer increased diagnostic preci-

sion that is greater by many orders of magnitude.

Basically, two modalities are used in image

analysis.

One, cytomorphometry, measures geometric

relationships, such as nuclear dimensions,

chromatin texture, and nucleolar size, shape, and

position. The other, cytophotometry, measures cell

and nuclear optical density at different wave

lengths after staining with different dyes. Since

there exist innumerable tisssue surrogate bio-

marker assays (see below) which depend on the

amount of chromogen development fixed to a cell

or nucleus by chemical antibody, or cDNA probes

that are marked by a second chromogen

generating molecule (e.g., a fluorescent dye or

horseradish peroxidase), the range of applications

of image cytophotometry is very wide.

WHAT POSSIBLE CHOICES ARE THERE

FOR SEBs THAT CAN BE USED IN

CHEMOPREVENTION TRIALS?

In choosing a SEB for use in chemoprevention

clinical trials, a variety of structural alterations cha-

racteristic of neoplasia at every level of organization

is available for consideration. At the genomic level,

many potentially useful SEB are possible, based on

the different types of genomic instability which

occur during neoplasia (reviewed in 4). Examples

are DNA single and double strand breakage

processes, point mutations, mismatch repair

mutations, microsatellite instability, gene



amplification and allelic loss, and the karyotypic

aberrations of aneuploidy and aneusomy. Activated

oncogenes and inactivated tumor suppressor

genes have frequently been considered as potential

SEBs in spite of their relatively poor sensitivity; they

are present in about only about 50% or less of

common carcinomas (p53 is an exception,

occurring in up to 70% of cases of colorectal

carcinoma and 90% of pancreatic carcinoma). At

the cytoplasmic level, aberrantly synthesized

differentiation molecules offer promise as SEBs,

e.g., aberrant glycosylation of glycoproteins,

including the Ta, T, and sialo-T antigens4).

The well-known growth factors PDGF, EGF, TGF,

FGF, IGF, and their receptors, are possessed by

epithelial cells as well as inflammatory cells9).

Attempts to use growth factors/receptors as SEBs

faces the serious problem of variable

contamination of tissue preparations by inflam-

matory cells possessing the same growth factors/

receptors, and adequate control of this variability

may be difficult. At the cellular level, the proli-

ferative index and nuclear /nucleolar morpho-

metric parameters measured by computer-aided

quantitative image analysis appear to be useful

SEBs; they are discussed in more detail below.

WHAT ARE THE BEST CHOICES FOR

SURROGATE ENDPOINT MARKERS?

The Chemoprevention Branch, National Cancer

Institute, is now sponsoring 18 clinical trials of

chemopreventive agents in breast ductal carcino-

ma in situ, lung dysplasia, colon adenomatous

polyps, cervical intraepithelial neoplasia, bladder

superficial neoplasia, and skin actinic keratoses. In

each of these trials, the basic SEB used are those

based on the morphologic and functional criteria

used by the pathologist to make the diagnosis of

intraepithelial neoplasia, measured by computer-

aided quantitative image analysis. These diagnostic

criteria are: incresased nuclear size, abnormal nu-

clear shape, increased nuclear stain uptake, pleo-

morphism(increased variability of nuclear size,

shape, and stain uptake), increased mitoses, ab-

normal mitoses, and abnormal or absent matu-

ration. In glandular epithelia such as breast and

prostate, an additional criterion is the presence of

an increased number of nucleoli showing enlarge-

ment, abnormal shape, and pleomorphism of size

and shape. SEBs based on these criteria, and

measured by computer-aided quantitative image

analysis, are: proliferative index, ploidy status,

nuclear morphometric parameters of increased nu-

clear size, altered nuclear shape, altered nuclear

texture, abnormal nuclear variation in size, shape,

and texture, and nucleolar morphometric para-

meters of nucleolar number, size, shape, position,

and pleomorphism.

Proliferative index: The proliferative index is

measured using antibodies against PCNA, Ki-67,

Mib-1, and BrdU associated antigens, by tritiated-

thymidine uptake/autoradiography, and by mitotic

counts. The proliferative index has proven to be a

reliable prognostic factor in breast cancer, accura-

tely predicting the recurrence-free survival and over-

all survival either by itself10), or as part of a com-

monly used grading system11).

Ploidy status: Aneuploidy has been shown to

occur during intraepithelial neoplasia in bladder12),

prostate13,14), breast15 18)～ , and cervix, skin, oral

leukoplakia, larynx, lung, esophagus, stomach,

and colorectum (reviewed in 19). In one study of

breast DCIS, the cribriform pattern exhibited 38%

aneuploidy, whereas the comedo pattern exhibited

82% aneuploidy17). In another study, atypical

hyperplasia of the breast also exhibited aneuploidy

in 4 of 13 cases18). With regard to invasive



neoplasia, ploidy status has proven to be a reliable

prognostic factor in both breast19,20), and

prostate21) cancer.

Nuclear morphometry (nuclear size, shape, tex-

ture, and pleomorphism. Pleomorphism is measur-

ed by the pleomorphism index, which is the sum

of the CV's associated with measurements of

nuclear size, shape, and texture. It is remarkable

that in a number of studies, alteration of nuclear

shape alone has proven to be a better predictor of

mortality in stage A2 prostatic cancer than has the

Gleason, Mostofi, or Johns Hopkins grading

systems, or ploidy status22 24)～ . Multivariate analysis

of up to 16 nuclear shape descriptors, including

nuclear roundness factor, variance of roundness

factor, and nuclear ellipticity, have accurately

predicted recurrence of cancer after surgery in 11

of 26 patients with renal cell carcinoma25), 7/14

patients with transitional cell carcinoma of the

bladder26), and 17/27 patients with wilms' tumor

(kidney)27).

Nucleolar morphometry (number, size, shape,

position, and pleomorphism): Nucleoli are ribo-

some factories expressed by genes located on the

acrocentric chromosomes 13, 14, 15, 21, and 22.

In the activation of proliferation or secretion, the

size and sometimes the number of nucleoli

increases. In a study of eight nuclear and nine

nucleolar morphometric features in breast cancer,

simple nucleolar frequency, or the total number of

nucleoli per 100 nuclei, was the best single

predictor of recurrence- free survival28). Changes in

nucleolar morphometry have been reported to be a

correlate of the extent of neoplastic progression in

prostatic intraepithelial neoplasia29,30). Using the

silver stain for nucleolar organizing regions, the

AgNOR stain, in lesions of the colorectum, the

mean number of nucleolar organizer regions

(NORs) clearly distinguish between tubular

adenomas, villous adenomas with moderate

nuclear atypia, villous adenomas with severe nu-

clear atypia, and colorectal adenocarcinoma31).
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