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New technology, for better or for worse, will be used, as that is our nature.

Lewis Thomas

You have been given the key that opens the gates of heaven, the same key opens the
gates of hell.

Writing at the entrance to a Buddhist temple
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Preface

The enormity of the global healthcare costs
as a result of cancer infliction cannot be
overemphasized. There are more than 100
types of cancers; any part of the body can
be affected. More than 11 million people
are diagnosed with cancer every year, and
it is estimated that there will be 16 mil-
lion new cases per year by the year 2020.
In 2005, 7.6 million people died of can-
cer, that is, 13% of the 58 million deaths
worldwide. It is estimated that 9 million
people will die from cancer worldwide in
2015 and 11.4 million will die in 2030.
More than 70% of all cancer deaths occur
in low and middle income countries.

Five major cancer causing overall mor-
talities per year worldwide are (WHO):

1. Lung: 1.3 million
2. Stomach: 1 million
3. Liver: 662,000

4. Colon: 655,000

5. Breast: 502,000

The five most common types of can-
cers that kill men worldwide (in order
of frequency) are: lung, stomach, liver,
colorectal, and esophagus. The five most
common types of cancers that kill women
worldwide (in order of frequency) are:
breast, lung, stomach, colorectal, and cer-

vical. One-fifth of all cancers worldwide
are caused by a chronic infection, for
example, human papilloma virus (HPV)
causes cervical cancer and hepatitis B
virus (HBV) causes liver cancer. Tobacco
use is the most common preventable cause
of cancer in the world. Approximately,
168,000 cancer deaths are expected to be
caused by tobacco use. Approximately,
40% of cancer could be prevented, mainly
by not using tobacco, having a healthy
diet, being physically active, preventing
infections that may cause cancer, reduc-
ing exposure to sunlight, and avoidance of
excessive alcohol consumption and stress
(anger). A third of cancers could be cured
if detected early and treated adequately.

It is well established that scientific
journals facilitate exchange of informa-
tion, resulting in rapid progress. In this
endeavor, the main role of scientific books
is to present information in more detail
after careful, additional evaluation of the
investigational results, especially those of
new or relatively new methods.

Although subjects of diagnosis, therapy,
therapy assessment, and prognosis of vari-
ous types of cancers, cancer recurrence,
and resistance to chemotherapy are scat-
tered in a vast number of journals and
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books, there is need of combining these
subjects in single volumes. An attempt
has been made to accomplish this goal in
these volumes. A constructive evaluation
of commonly used methods for elucidat-
ing primary and secondary cancer initia-
tion, progression, relapse, and metastasis
is presented. Methods of cancer diagno-
sis discussed include various modalities
of imaging, (e.g., ultrasound, computed
tomography, and magnetic resonance
imaging), histochemistry, and immuno-
histochemistry. In addition, detailed thera-
peutic protocols, both their benefits and
side-effects, are discussed. Examples of
cancer treatments are chemotherapy, radi-
ation, surgery, chemoradiation, and immu-
notherapy.

In the era of cost-effectiveness, my opin-
ion may be a minority prospective, but it
needs to be recognized that the potential
for false-positive or false-negative inter-
pretation on the basis of a single labora-
tory test in clinical pathology does exist.
Interobservor or intraobservor variability
in the interpretation of results in pathology
is not uncommon. Interpretive differences
often are related to the relative importance
of criteria being used.

Generally, no test performs perfectly.
Although, there is no perfect remedy to
this problem, standardized classifications
with written definitions and guidelines
will help. Standardization of methods to
achieve objectivity is imperative in this
effort. The validity of a test should be
based on the objective interpretation of the
photomicrographs or tomographic images.
The interpretation of the results should be
explicit rather than implicit. To achieve
accurate diagnosis, and correct prognosis,
the use of molecular criteria is important.
Indeed, molecular medicine has arrived.

Preface

This volume discusses in detail all
aspects of breast cancer, including diag-
nosis using molecular genetics, various
imaging modalities, tumor markers (e.g.,
applying tissue microarrays), immuno-
histochemistry, biopsy specimens, blood,
and serum, treatments such as chemother-
apy, radiation, chemoradiation, hormonal
therapy, immunotherapy, and surgery, and
prognosis. The side effects of the treat-
ments are also pointed out. Both primary
and secondary cancers, and risk of cancer
survivors developing other cancers are
explained. An attempt is also made to
translate molecular genetics into clini-
cal practice. Evidence-based therapy is
included. Other cancers will be discussed
in subsequent volumes of this series.

Various anticancer drugs, such as
tamoxifen, docetaxel, epirubicin, and
anastrazol, are discussed, including their
effectiveness and limitations, and their
resistance by cancer cells. The role played
by genes, including HER-2/neu, BRCAI,
and BRCA2, in breast cancer initiation,
progression, and metastasis is explained.

Each chapter is written by distinguished,
practicing clinicians/surgeons/oncologists.
Their practical experience highlights their
writings, which should build and further
the endeavors of the readers. This volume
was written by 148 scientists represent-
ing 17 countries. It is my hope that these
handbooks would assist in more com-
plete understanding of at least some of
the globally-encountered cancer problems.
Successful cancer treatment, cure, and pre-
vention are areas of immediate concern of
and demand by the public.

I am grateful to the contributors for
their promptness in accepting my sug-
gestions, and appreciate their dedication
and hard work in sharing their invaluable
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knowledge with the readers. Each chap-
ter provides unique individual, practical
knowledge based on the expertise and
practical experience of the authors. The
chapters contain the most up-to-date prac-
tical as well as theoretical information. It
is my hope that the book will be published
expeditiously.

I am thankful to the Board of Trustees,
Dr. Dawood Farahi, and Dr. Kristie Reilly

XiX

for recognizing the importance of schol-
arship in an institution of higher edu-
cation and providing the resources for
completing this important project. I am
thankful to Ayesha Muzaffar and Lina
Builes for their expert help in preparing
this volume.

M.A. Hayat
December 2007
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Breast Cancer: An Introduction

M.A. Hayat

Female breast cancer is the second leading
cause of cancer-related deaths. It is esti-
mated that 180,510 new cases of breast
cancer would be reported and 40,460
patients will die in 2007 in the United
States (Am. Cancer Soc. 2007), accounting
for approximately one-third of all female
cancers in the country. Approximately,
2.030 new cases of breast cancer are also
expected in men in 2007, and 450 will die.
Death rates from breast cancer have been
steadily decreasing due to a combination
of early detection and improved treatment.
The use of adjuvant chemotherapy and
hormone treatment have led to improve-
ment in relapse-free and overall survival;
these gains are impressive.

Nevertheless, ~30% of patients with
node-negative breast cancer will present
distant recurrence and will die as a result of
their disseminated disease, while ~ 40% of
the patients with involved axillary lymph
nodes will survive for ~ 10 years with-
out clinical recurrence. Considering these
data, it is apparent that more effective
strategies for the prevention and treatment
of this malignancy are urgently needed.

The female hormone estrogen plays a
critical role in breast cancer development
by binding to the estrogen receptor and

inducing the expression of peptide growth
factors that are responsible for the prolifera-
tion of cancer cells. Approximately, 60%
of premenopausal and 75% of postmeno-
pausal patients have estrogen-dependent
carcinomas. In fact, estrogen and proges-
terone are breast cell mitogens, and post-
menopausal women with high circulating
estrogen levels are at a greater risk of breast
cancer. Therefore, it is expected that anties-
trogen selective receptor modulators, such
as tamoxifen and raloxifene inhibitors, will
show reduced risk of breast cancer.

However, although these anti-hormonal
therapies are effective for the presentation
of estrogen receptor-positive breast cancer,
they have no effect on the development of
estrogen receptor-negative breast cancer.
Thus, there remains a critical need to
develop agents that will prevent estrogen
receptor-negative breast cancer. Agents
currently being investigated for the
prevention of estrogen receptor-negative
breast cancer include cyclooxygenase-2
inhibitors, tyrosine kinase inhibitors, and
retinoids. However, their use in humans is
limited because of their toxicity. We need
to develop agents that will prevent cancer
with reduced toxicity and increased
efficacy.



Another related approach to reduce the
risk of breast cancer is the use of aro-
matase inhibitors. Abnormal expression
of aromatase (the enzyme responsible for
estrogen synthesis) in breast cancer cells
and/or surrounding adipose stromal cells
may have a significant influence on tumor
development and growth in breast cancer
patients. These inhibitors are effective in
the treatment of hormone-responsive breast
cancer and significantly prevent contralat-
eral cancers. Thus, suppression of estrogen
formation in postmenopausal women by
aromatose inhibitors may be a useful pre-
vention/treatment strategy in these women.

The use of hormone therapy, especially
the combination of estrogen and proges-
terone, increases breast cancer risk (van
Duijnhoven, 2007). Such treatments may
increase mammographic density of the
breast; this density is determined by the
relative amounts of the connective tissue,
epithelial tissue, and fat in the breast; the
proportion of fat increases as the density
decreases. High mammographic density is
associated with an increase in breast cancer
risk. The degree of mammographic density
is dependent on several factors including
the age, the number of children, and body
weight. High mammographic density is
usually found in young women, whereas
density decreases with age. This acceler-
ated decrease in density does not occur in
some women who use hormone therapy.

Breast cancer is a systemic disease in
that cancer cells may start to be dissemi-
nated into blood and lymphatic systems
even in early stages or when the tumor
size 1s still small. Active angiogenesis may
occur in breast tumor nodules as small
as 2 mm in diameter. In metastatic state,
each gram of tumor may shed ~ 10° cells
per day into blood vessels. Detection of

M.A. Hayat

early breast cancer by studying dissemi-
nated tumor cells in the peripheral blood
is explained in two chapters authored by
Zehentner, and by Feng and Kiviat in
this volume. This technique allows not
only early detection of breast cancer but
also the progression of the disease. That
detection of peripheral cytokeratin-19
mRNA-positive cells is an independent
predictive and prognostic factor for
reduced disease-free interval and overall
survival, respectively, in node-negative
breast cancer patients is discussed by
Xenidis, Perrakis, Kakolyris, Mavroudis,
and Georgoulias in this volume.

Early detection is one of the most effec-
tive means to achieve better prognosis and
lower rate of death. Randomized screen-
ing trials with mammography results in
15-20% reduction in the risk of breast
cancer death. Early diagnosis of the cancer
has the benefit of receiving a wider range
of therapeutic options, leading to more
successful treatment.

Although '8F-fluorodeoxyglucose-posi-
tron emission tomography (FDG-PET) is
commonly used to detect breast cancer, it
has variable sensitivity (64—100%). This
variation (uptake of FDGQG) is related to
biologic factors such as tumor size, histo-
logical tumor grade and type, proliferation
index, microscopic growth pattern, pres-
ence of BRAC1, BRAC2, HER-2/neu, and
p53 status, hormonal receptor status, axil-
lary lymph node status, and presence
of inflammatory, necrotic, cystic, or
fibrotic tissues. Tumor size is one of the
more important factors, which deter-
mines the FDG-PET outcome. Increased
tumor size results in increased accuracy
of FDG-PET, while this imaging modality
has limited sensitivity in detecting breast
tumors of a small size (< 10 mm). Thus,
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tumors of a small size invite false-negative
results. On the other hand, as the tumor
size increases, the standardized uptake
value also increases; this subject is dis-
cussed in detaill by Kumar in this vol-
ume. It should also be noted that tumor
size and tumor grade are independent
factors associated with false-negative results
of FDG-PET.

Less common symptoms include persist-
ent changes in the breast (e.g., thickening,
swelling, distortion, tenderness, skin irrita-
tion, scaliness, or nipple abnormalities such

3

as ulceration, retraction, or spontaneous
discharge) (American Cancer Society, 2007).
The earliest sign of breast cancer is usually
an abnormality detected on a mammogram.
However, although mammography is accu-
rate, it is not always perfect.

REFERENCE
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Breast Cancer: Computer-Aided Detection

Bin Zheng

INTRODUCTION

Breast cancer is one of the leading causes
of death in women over the age of 50.
Scientific evidence indicates that early
diagnosis and treatment substantially
reduces patient mortality and morbid-
ity. Among the large number of imaging
modalities and detection tools, mammog-
raphy is considered the most cost-effective
method for detecting breast cancers at an
early stage. However, considering the large
volume of screening mammograms, tissue
overlap in the X-ray projection images, and
the low yield of cancers (i.e., 3-5 cancers
per 1,000 screening examinations), detect-
ing breast abnormalities surrounded and
probably overlapped by the complex nor-
mal anatomy background is a difficult and
time-consuming task for radiologists. As a
result, 10-30% of detectable breast cancers
(visible in the retrospective review of mam-
mograms) are either not initially detected
or not interpreted as such due to the subtle
nature (low conspicuity) of the lesion, rela-
tively poor image quality, eye fatigue, or
oversight by the radiologists. The specifi-
city of mammography is also relatively low
in that ~10% of cases are recalled for addi-
tional imaging procedures and only a small

fraction (15-30%) of biopsies is positive.
Although independent double reading may
improve diagnostic accuracy of radiolo-
gists in interpreting mammograms, it is an
inefficient and costly approach. Hence, for
the last 2 decades there is growing inter-
est in the development of computer-aided
detection (CAD) schemes for mammog-
raphy, which aims to provide radiologists
with a valuable “second opinion” and help
them detect more breast abnormalities (i.e.,
masses and micro-calcification clusters) at
an early stage.

Since US Food and Drug Administration
approved the CAD technology in 1998,
commercialized CAD systems have been
gradually installed and used in a large
number of medical institutions and imag-
ing facilities around the world. CAD of
breast cancer is rapidly becoming a well
accepted clinical practice to assist radiolo-
gists interpreting screening mammograms.
Recently, a large number of studies have
been conducted to investigate how CAD
might affect radiologists’ performance in
detection of breast cancers and whether
the potential utility of CAD schemes had
been fully realized in the clinical prac-
tice. In this chapter, we review the latest
development of CAD in assisting radi-
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ologists interpret mammograms and detect
breast cancers. The chapter is organized
as follows. Section 2 briefly reviews the
history of developing CAD schemes for
automatic detection of micro-calcification
clusters and masses depicted on digitized
mammograms. Section 3 discusses the per-
formance levels of current CAD schemes
(including sensitivity, false-positive rate,
and reproducibility). Section 4 describes
how current CAD schemes actually affect
radiologists’ performance in clinical prac-
tice. Section 5 introduces several new
approaches to improve CAD performance
and clinical utility. Based on these descrip-
tions and discussions, section 6 concludes
the advantages and limitations of apply-
ing current CAD of mammography in the
clinical environment.

DEVELOPMENT
OF COMPUTER-AIDED
DETECTION SCHEMES

Since 1980s alarge number of CAD schemes
have been developed and optimized by
different research groups to detect one of
the two common abnormalities (micro-
calcification clusters and masses). Although
different techniques or image processing
algorithms have been reported for different
CAD schemes, a typical scheme usually
includes three distinct stages, (1) image fil-
tering, (2) region growth (or segmentation)
and feature computation, and (3) classifica-
tion of segmented suspicious lesions. In the
first stage, different image filtering methods
have been tested to enhance the signal-to-
noise ratio of the suspected areas depict-
ing either micro-calcifications or masses.
These filters include but not limited to
bilateral image subtraction (Mendez et al.,
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1998), density-weighted contrast enhance-
ment (DWCE) (Petrick et al., 1996), the
difference of Gaussian (DOG) filter (Zheng
et al., 2000), and wavelet transform (Mini
et al., 2004). This stage aims to achieve the
maximum detection sensitivity. As a result,
it usually detects a large number of suspi-
cious areas (or pixels).

The second stage of CAD scheme seg-
ments each suspicious region (lesion)
and computes a set of image features to
represent the region. After identifying a
growth seed inside a detected suspicious
area, a region growth or segmentation
algorithm is applied to define the region
boundary contour. Active (dynamic) con-
tour modeling and adaptive region growth
algorithm are two popular region growth
methods to segment suspicious mass
regions (Brake and Karssemeijer, 2001).
Unfortunately, neither method has proven
to be superior to the other, nor is optimal
due to the overlap of dense fibro-glandular
breast tissue on two-dimensional X-ray
images which create fuzzy boundaries of
suspicious mass regions. For example,
the assumption that the edge of a mass
region always has the strongest gradi-
ents as compared with the surrounding
background is frequently violated when
the boundary of the lesion is reasonably
fuzzy and ill-defined. As a result, active
contours can expand (penetrate) into the
surrounding breast tissue. Finding an
optimal initial contour (growth seed) and
an optimal termination criterion (thresh-
old) is the most important and difficult
issue in lesion segmentation. Without
accurate region segmentation, the CAD-
computed image features cannot accu-
rately describe or represent morphology
of the suspicious abnormalities, which
will severely limit the improvement of
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CAD performance and robustness. Hence,
improving the accuracy in segmentation
of breast lesions is still an active research
topic in CAD development to date.

Based on the image features computed
from the segmented regions (stage two), the
third stage of the CAD scheme optimizes
and applies a feature-based machine learn-
ing classifier to distinguish between true-
positive and false-positive regions. CAD
scheme then only reports and prompts the
identified suspicious abnormalities that
have detection scores higher than the pre-
optimized operating threshold level of the
scheme. A large number of machine learn-
ing classifiers have been optimized for this
purpose, which include artificial neural
networks, Bayesian belief networks, deci-
sion trees, and rule-based expert systems.
Although considerable effort has been
made in the optimization of different clas-
sifiers, studies indicated that their per-
formance levels actually converged to a
very similar level. As a result, improving
CAD performance is more likely to be
dependent on feature selection, database
diversity, and training sample size used
in CAD schemes, rather than the specific
classifier being implemented.

As an example, Figure 2.1 demonstrates
a flow diagram of an integrated CAD
scheme for the detection of both micro-
calcification clusters and masses, which
was developed at Imaging Research Center,
Department of Radiology, University of
Pittsburgh (Zheng et al., 2000). Once
a digitized mammogram is loaded, the
scheme first crops the background (air)
area of the image. Two independent proc-
esses are then sequentially applied to detect
suspicious micro-calcification clusters and
masses depicted on this image. To detect
micro-calcification cluster, the first stage
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of the scheme uses a DOG filter (with
two different kernel sizes of 0.3mm and
0.5 mm) to enhance high frequency signals
(pixels) that may correlate with micro-
calcifications. The initial suspected pixels
are further extracted using the local con-
trast-based threshold method. Because this
process selects a large number of suspected
pixels, in order to delete a high percentage
of false-positive pixels while maintain-
ing high detection sensitivity, the scheme
applies a special local minimum search
ring to analyze all selected pixels followed
by “blob” labeling and clustering. In the
second stage of the scheme, a multi-layer
topographic region growth algorithm and
rule-based feature analysis are used to iden-
tify each suspected micro-calcification
and continuously delete false-positive
pixels (or “blobs”). The remaining sus-
pected micro-calcifications are clustered
and a set of classification rules related to
the clustering is applied to delete isolated
regions. During this process the scheme
computes 13 morphological and intensive
distribution related features to represent
each identified cluster. The third stage
of the scheme uses an artificial neural
network (ANN) to classify true-positive
and false-positive clusters of micro-cal-
cifications. The ANN involves 13 input
neurons, 7 hidden neurons, and 1 output
neuron. ANN generates a detection score
(ranging from O to 1) for each suspected
cluster, which indicates the likelihood of
the cluster involving true-positive micro-
calcifications.

For mass detection, the original digitized
image (i.e., with pixel size of 100 x 100
wm) is first sub-sampled (pixel averaged)
by a factor of four in both dimensions to
reduce the size of each image to ~600 x
450 pixels (i.e., with pixel size of 400 x
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Figurke 2.1. A flow diagram of an integrated CAD scheme for the detection of micro-calcification clusters
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400 wm). Then, three processing stages
are applied to the sub-sampled images to
identify suspected mass regions. In the
first stage, another DOG filter with two
different kernel sizes of Gaussian filters
(e.g., 2.8mm and 20.4mm) is applied
to the image to enhance the suspected
mass regions (signals) and depress the
background regions (noise) at different
density levels. Threshold and labeling are
followed to search for all initially sus-
pected regions. Depending on the com-
plexity of breast tissue structure, ~10-30
regions are likely to be identified at this

stage in each image. Based on identifica-
tion of a growth seed and corresponding
local contrast measurement, the second
stage of the scheme uses an adaptive
multilayer topographic region growth
algorithm to define three layers for each
suspicious region. In each growth layer,
a set of simple intra-layer boundary condi-
tions on growth ratio and shape factor of the
region are applied to eliminate a large por-
tion of suspicious regions (~70-80%) while
maintaining the higher detection sensitiv-
ity. For each of the remaining regions, the
scheme computes a set of 14 morphological
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and intensity distribution based features.
In the third stage of the scheme, another
ANN is applied to classify between true-
positive and false-positive mass regions.
Two optimal operating threshold val-
ues (one for micro-calcification cluster
detection and one for mass detection) are
then implemented in the integrated CAD
scheme. CAD scheme only accepts and
prompts the detected suspected regions
with ANN-generated detection scores
higher than the corresponding operating
threshold. All other detected regions with
detection scores lower than the operating
threshold levels are discarded.

EVALUATION
OF COMPUTER-AIDED
DETECTION SCHEME
PERFORMANCE

Currently several commercialized CAD
systems (i.e., Image-Checker from Hologic
Inc, Bedford, MA and Second-Look from
CADX Systems, iCAD Inc., Nashua, NH)
are available and have been installed in a
large number of medical institutions and
imaging facilities around the world to
assist radiologists interpreting screening
mammograms. CAD schemes have
achieved verydifferentperformancelevels
on mass and micro-calcification cluster
detection. Studies have reported that
case-based CAD sensitivity for detecting
micro-calcification clusters (in which a
cluster is considered being detected as
long as it is detected by CAD on at least
one view) was as high as 98%, while CAD
sensitivity on mass detection was gener-
ally reported in the range from 60% to
85% with relatively higher false-positive
detection rate (Brem et al., 2005). While
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using CAD is rapidly becoming a well
accepted clinical practice in interpreting
screening mammograms, radiologists’ atti-
tude toward and acceptance of CAD-cued
micro-calcification clusters and masses
are substantially different. Several inde-
pendent studies have been conducted and
reported to assess performance and poten-
tial clinical utilities of the commercial
CAD systems under different laboratory
environments. Some of the studies are
briefly described below.

Performance of Computer-Aided
Detection Schemes on Several Specific
Types of Micro-calcification Clusters

Although it is well accepted that cur-
rent CAD schemes are performing at
an excellent level in terms of detecting
micro-calcification clusters and thereby
truly aiding radiologists, CAD perform-
ance (e.g., in particular the sensitivity) on
some specific type of micro-calcification
clusters can be substantially low. Soo et al.
(2005) applied a commercial CAD system
to scan and process 85 mammography
examinations in which the images depict
histologically sampled groups of amorphous
calcifications (including 21 malignant, 14
high risk, and 50 benign clusters). CAD
detected amorphous calcifications in 43 of
85 cases (51% case-based sensitivity) and
in 59 of 146 images (40% image-based
sensitivity) with average 0.5 false-positive
marks per image. The case-based CAD
sensitivities by histologic outcome in this
dataset were 57% for malignant, 29% for
high-risk, and 54% for benign calcifica-
tion clusters.

Because breast cancer is assumed to be a
progressive disease, small tumors are gen-
erally considered to be an early disease
with good prognosis. With increasing
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compliance of the general population
in undergoing mammography screening
the search for optimal treatment plans
becomes an extremely important issue.
Aggressive treatment (e.g., mastectomy,
chemotherapy) is often not recommended
for the majority of patients diagnosed with
small invasive cancers because in general
there is a high survival rate in this group
of patients. However, recent studies found
that a small subset of patients whose mam-
mograms depict casting-type calcifica-
tions has a significantly higher mortality
rate. One study conducted by Tabar ef al.
(2004) reviewed survival of 714 women
with small invasive cancers. Although
only 7.3% of these cases depicted cast-
ing-type calcifications, this group con-
tributed > 30% of the deaths during the
period investigated, and in this study it
accounted for 100% of deaths when any
type of calcification was depicted on the
mammograms. It is important to men-
tion that unlike all other groups whose
survival rates gradually decrease during
the 20 year follow-up, all fatalities in this
group occurred within the first 8 years.
Although undocumented to date, cur-
rent CAD schemes are likely to perform
relatively poorly in detecting casting-type
calcifications because these schemes are
often designed to deliberately discard
intra-vascular calcifications to reduce the
false-positive detection rates, and cast-
ing-type calcifications frequently have
an appearance quite similar to intra-vas-
cular calcifications. Because radiologists
heavily rely on CAD-prompted results to
search for micro-calcification clusters,
they should be aware of the lower sensi-
tivity of CAD schemes in certain rare but
more aggressive (lethal) types of micro-
calcification clusters.
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Performance of Computer-Aided
Detection Schemes on False-Negative
Cases and Prior Images

Because in the busy screening mammog-
raphy environment radiologists can poten-
tially miss a fraction of cancers (e.g.,
10-30%) that are considered visible or
actionable during the retrospective review,
one of the most important advantages
of using CAD is that CAD schemes can
detect a high fraction of false-negative
cancers. In one study, a panel of 14 radiol-
ogists selected from five medical facilities
reviewed the most recent corresponding
prior mammograms of 427 biopsy-proved
cancer cases during a retrospective review.
These cases were collected from 13 differ-
ent medical facilities. These radiologists
found that 67% of 427 cancers were “vis-
ible” on the prior images. An independent
and blind review by panels of the radi-
ologists indicated that 27% (115 of 427)
cases were warranting recall. By process-
ing images of these 115 cases using a
commercial CAD system, the researchers
found that CAD correctly marked 77% (or
89 of 115) of the cancers with an average
one false-positive mark per image (Warren
Burhenne et al., 2000).

In another multi-institutional trial, three
radiologists retrospectively reviewed 377
screening mammograms interpreted as
showing normal or benign findings 9-24
months before cancers were diagnosed
and verified. The panel of radiologists
determined that 123 of the 377 missed
cancer cases warranted workup during the
prior mammography examination. While
applying another commercial CAD sys-
tem to process this set of “prior” images,
65% (80 of 123) of cancers were correctly
detected with average one false-positive
mass region and 0.25 false-positive
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micro-calcification clusters per image
(Brem et al., 2003). Because of these
consistent findings with different commer-
cialized CAD systems and diverse image
databases, many researchers believe that
CAD has potential to help radiologists
detect a significant fraction of “missed”
cancers in screening mammography.

Performance of Computer-Aided
Detection Schemes on Spiculated
Masses with Dense Background

Boundary margin spiculation of breast
mass regions provides a direct radio-
graphic manifestation of the local aggres-
sion of invasive breast cancer. It is a
particularly valuable feature in detecting
breast cancers. However, because the sub-
tle masses have substantial variability in
appearance and are often overlapped by
heterogeneous or dense fibro-glandular
breast tissue, a high fraction of cancers
missed by radiologists during screening
mammography are associated with spicu-
lated masses and architectural distortion
surrounded by dense breast tissue. Several
studies evaluated CAD performance in
detecting spiculated masses. In one study,
1,083 consecutive cases of biopsy-proved
cancers detected at screening mammog-
raphy were selected from 13 institutions.
Among them, 677 cancers are associated
with masses. Three radiologists examined
these 677 cases and interpreted 375 (55%)
masses as being spiculated on at least one
view. Applying CAD to these 375 cases,
322 (86%) spiculated masses were cor-
rectly detected by the CAD scheme with
an average 0.24 false-positive detections
per image. The researchers also inves-
tigated the relationship of breast density
ratings using four BI-RADS (Breast
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Imaging Reporting and Data System)
categories versus consensus ratings of
case subtlety and found that the relative
proportion of subtle cases monotonously
increased from the BI-RADS category 1
(fatty) to 4 (dense). The data analyses of
the study indicated that CAD perform-
ance showed no significant dependence
on breast density. Because radiologists’
detection sensitivity is often lower in
women with primarily dense breasts, the
researchers predicted that CAD might
help improve radiologists’ performance
in detecting spiculated masses depicted in
dense breasts (Vyborny et al., 2000).

However, several other studies reported
that CAD performance depended on the
case difficulty including the density
of normal breast tissue. One group of
researchers selected 264 sets of bilateral
screening mammograms. Based on visual
rating of a panel of radiologists, these
images were divided into four density
groups based on BI-RADS recommenda-
tion. A commercialized CAD system was
used to process these images and detect
suspected abnormalities. Researchers
then analyzed CAD performance on each
group of images and reported that the
CAD sensitivity deteriorated significantly
as the density of the breast increased
while CAD specificity remained rela-
tively constant (Ho et al., 2003).

In another study, researchers collected
four-view images acquired from 219
women underwent routine mammography
examinations and divided the images
into five groups. Group 1 included 58
cases depicting malignant masses that
had been detected by radiologists during
the screening interpretation and group 2
included all available “prior” examina-
tions of the cases selected in group 1.
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Group 3 included 22 false-negative exam-
inations (in which the cancers were ini-
tially missed by radiologists in screening
interpretation). All the cancers detected
in this test image dataset are associated
with malignant masses. Groups 4 and 5
included 50 negative cases each. The neg-
ative cases in group 4 were not recalled
during the screening examinations, while
the cases in group 5 were recalled and
later proved to be negative by biopsy and
follow-up. In general, group 5 included
more dense images than group 4. Two
leading commercialized CAD systems
and one experimental CAD scheme were
used to process these images to detect
masses depicted in this dataset. CAD
performance levels on each group were
separately evaluated and compared. The
results indicated that mass detection sen-
sitivities in group 1 were 67-72% for
three CAD schemes, which were not
significantly different (p ~ 0.05). False-
positive rates varied from 1.08 to 1.68 per
examination (four images). In particular,
the false-positive rates were significantly
higher (p< 0.01) for recalled negative
cases (group 5) than those not recalled
(group 4). This work demonstrated that
in general cases that were “difficult”
to interpret by the radiologists during
the clinical reading (partially due to the
dominated dense breast tissue); hence,
were recalled for additional procedures,
were also difficult to assess by the CAD
schemes, resulting in a higher false-
positive prompted rates. In addition,
between approximately 40% and 80%
of masses (in different categories) were
detected by CAD only on one view.
The subtle masses are more likely to be
detected by CAD only on one view (Gur
et al., 2004b).
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Performance of Computer-Aided
Detection Schemes in Detecting
Lesions with Architectural Distortion

Architectural distortion (i.e., a distortion
of the parenchymal architecture without a
concomitant mass) is the third most com-
mon mammographic appearance of breast
cancers. In current CAD schemes, the
architectural distortion is considered a
type of special “mass” and the mass detec-
tion algorithm (or scheme) is also applied
to detect the breast tissue with archi-
tectural distortion. Several studies have
evaluated CAD performance of detecting
architectural distortion. One study inves-
tigated CAD performance in detecting
invasive lobular cancers. In 94 biopsy-
proved invasive lobular carcinoma lesions,
56 manifested as masses of which 20 were
interpreted by radiologists as architectural
distortion. The commercialized CAD sys-
tem correctly detected and marked 17 can-
cers with architectural distortion (85%).
This sensitivity is similar or comparable
to CAD sensitivity on other types of breast
masses (Evans et al., 2002).

In another study, researchers compared
the performance of two commercial CAD
systems in detecting architectural distor-
tion. In this study 45 cancer cases were
retrospectively reviewed by a panel of
radiologists. In each case architectural dis-
tortion was deemed present and considered
actionable. One CAD system achieved
49% case-based sensitivity (detected 22
out of 45 architectural diction cases) and
38% 1mage-based sensitivity. Another
CAD identified 15 of 45 architectural dis-
tortion cases (33% case-based sensitivity
as well as 21% image-based sensitivity).
These researchers concluded that because
fewer than one half of the architectural
distortion cases were detected by two most
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widely available CAD systems used in
clinical practice for screening mammog-
raphy, considerable improvement in the
sensitivity of CAD schemes was needed
for detecting architectural distortion type
lesions. Meanwhile, radiologists who use
CAD systems should remain vigilant for
architectural distortion depicted on images
(Baker et al., 2003).

Reproducibility of Results
of Computer-Aided Detection Schemes

When applying CAD to screen-film based
mammograms, a digitizer is used to con-
vert the analog images (films) to digital
images. Due to the digital noise generated
during the digitization process and slight
position shift of the film mammograms, the
digitized images acquired at different times
could have small variability in pixel values.
Reproducibility is applied to measure how
CAD is sensitive to the small variation of the
pixel values in the digitized images. It is an
important factor in determining the overall
quality and performance of CAD schemes
for digitized mammograms. Although
great effort has been made to improve
CAD performance by a large number of
investigators, results are generally reported
only in terms of case-based detection sen-
sitivity and false-positive rates. The repro-
ducibility of CAD-prompted results has
never been reported by the companies that
manufacture commercial CAD systems.
During the last several years, a number of
independent research groups investigated
the reproducibility of CAD systems. For
example, in one study researchers col-
lected an image dataset involving 40 can-
cer cases. Among them 20 cancers that
had been detected by radiologists during
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their original interpretation of screening
mammograms, 10 interval cancers, and
10 false-negative cases (initially missed
by radiologists) were detected. All film
mammograms were scanned (processed)
ten times using one commercial CAD sys-
tem. Using case-based detection criterion,
15 cancers (37% sensitivity) were marked
correctly in all ten scans, 10 were never
detected (25%), and the remaining 15 can-
cers (37%) were prompted between two
and nine times. In this study, the research-
ers also compared the reproducibility of
two versions of the same commercial CAD
software and reported the improvement of
CAD reproducibility in the new version of
CAD software. In addition, the research-
ers found that the least reproducible CAD
marks were often subtle namely, visually
difficult for radiologists to detect, as well
(Taylor et al., 2003).

Another study reported that by scan-
ning (digitizing) images of a set of 50
cancer cases 10 times, overall CAD per-
formance (including both sensitivity and
false-positive rate) remained relatively
consistent in each digitization cycle. For
example, CAD could consistently detect
40 to 43 of 50 cancers in each of 10 scans.
The exactly detected cancers could be
changed in different digitization cycle.
Specifically, 14 cancers were non-reproducible
(Baker et al., 2004). Because each radi-
ologist is responsible to detect and diag-
nose suspicious findings on individual
patients, generating reproducible CAD
results for each examination may be more
important than maintaining the consistent
overall performance for a large and diverse
database in the clinical application of
CAD systems. However, whether and how
the variation (lower reproducibility) of
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CAD-generated results affects radiolo-
gists’ confidence in CAD-cued results and
their detection performance in the clinical
practice has not been investigated to date.

Performance of Computer-Aided
Detection Schemes on Full-Field
Digital Mammograms

Regular screening mammograms are two-
dimensional X-ray projection images and
the presence of overlapping dense fibro-
glandular breast tissue reduces the con-
spicuity of breast lesions. This limits the
sensitivity of mammography and con-
stitutes another main cause of missing
breast cancers by radiologists. The advent
of full-field digital detectors with high-
resolution and large sensor size offers
great opportunities to develop advanced
digital techniques to improve conspicu-
ity of breast lesions overlapped by the
dense breast tissue. As a result, full-field
digital mammography (FFDM) systems
have been developed and widely consid-
ered as a new promising imaging modal-
ity in improving breast cancer detection.
Although CAD schemes were initially
developed for digitized screen-film mam-
mogram (SFM) images, CAD software is
also available for FFDM images. Due to
the substantial difference of image char-
acteristics between the digitized SFM and
FFDM images, CAD schemes optimized
using digitized images cannot be directly
applied to FFDM images. The param-
eters or threshold values used in the CAD
schemes need to be adjusted and retested in
order to achieve the optimal sensitivity in
the detection of initial suspicious areas and
improve accuracy of region segmentation.
In region classification, different image
features may also be used in CAD schemes
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for SFM and FFDM images. In one study
to test the performance of a CAD scheme
that was specially designed and optimized
for FFDM images by the same com-
pany making the commercial CAD system
for digitized SFM images, researchers
selected an image dataset of 187 FFDM
images involving 63 histologically verified
carcinomas. When applying the scheme to
this dataset, it achieved 89% and 81%
sensitivities for micro-calcification clus-
ter and mass detection, respectively. The
overall average false-positive marks were
0.61 per image (including average 0.35
false-positive marks of micro-calcification
clusters per image). As expected when
applying CAD schemes to FFDM images,
the overall detection performance on mass
detection is very comparable to or better
than the CAD schemes optimized for
digitized images. However, in micro-
calcification cluster detection, CAD
schemes optimized for FFDM images
generate relatively lower sensitivity and
higher false-positive rate (Baum et al.,
2002). In addition, by avoiding possibly
repeated digitization, one important advan-
tage of applying CAD schemes to FFDM
image is that CAD-generated prompts
(marks) are always reproducible.

APPLICATION
OF COMPUTER-AIDED
DETECTION SCHEMES
TO CLINICAL ENVIRONMENT

Because CAD systems have been applied
in clinical practice to assist radiologists
interpreting screening mammograms, a
large number of research groups have
conducted a variety of prospective and
retrospective studies to assess how using
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CAD systems may affect radiologists’
performance. In these studies several CAD
application issues have been investigated,
which are briefly discussed and summa-
rized below.

Rejection of Computer-Aided Detection
Scheme prompted False-Negative
Masses in Screening Environment

Although studies have reported that CAD
could detect a high fraction of false-neg-
ative cancers and cancers depicted on prior
examination (images) (Warren Burhenne
et al., 2000; Brem et al., 2003), correctly
accepting or discarding CAD-prompted
suspected regions is not an easy task for
radiologists in the screening environment
due to low yield of cancers and a large
number of CAD-generated false-positive
marks. In a large prospective study 12 radi-
ologists interpreted 6,111 screening mam-
mography examinations. Images acquired
from each examination were processed
and analyzed by CAD. Mammograms
were independently double read by two
radiologists. During the interpretation of
each examination (single-reading), one
radiologist recorded the initial evaluation,
viewed the CAD prompts, and recorded
the final evaluation. A total of 62 can-
cers were detected in 61 women based
on the double reading. This system cor-
rectly detected and prompted at least one
true-positive region in 51 examinations
diagnosed with cancers (84% of the case-
based sensitivity) with false-positive rate
of 1.59 per examination (four images). In
single reading radiologists initially missed
12 cancers (19.7% false-negative rate). Of
12 missed cancers, nine were detected by
CAD system. Among them, eight were
malignant masses and one associated with
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micro-calcification cluster. Seven CAD-
prompted mass regions were overruled
(discarded) by the radiologists in their
final evaluations. Action was taken in
two CAD-prompted false-negative regions
(one mass and one micro-calcification
cluster) (Khoo et al., 2005).

The reasons for radiologists to discard
CAD-prompted false-negative regions
may not be well known. Some research-
ers believe that the CAD-generated high
false-positive detection rate was shown to
reduce radiologists’ confidence in CAD-
prompted suspected lesions, while others
found that once a radiologist had made
initial evaluation of the images, he/she
usually would not make changes unless
the CAD-prompted lesion was easy to
verify (e.g., micro-calcification clusters)
or it was substantially different from other
false-positive prompts (e.g., a subtle mass
that was prompted on both cranio-caudal
(CC) and medio-lateral oblique (MLO)
view). Because current CAD schemes are
optimized to achieve the “optimal” case-
based performance, a true-positive mass
or micro-calcification cluster is counted
as detected if it is correctly detected and
marked by the CAD scheme on either one
view or two views. As a result, similar to
the majority of CAD-generated false-posi-
tive regions, most of the subtle cancers
that are highly likely to be missed by
radiologists in their initial evaluation are
detected and prompted by CAD only on
one view. In the busy screening environ-
ment, it is very difficult for radiologists
to correctly distinguish between the subtle
(false-negative) masses and false-positive
regions if they all are prompted only on
one view. In laboratory studies researchers
have found that radiologists accepted more
CAD-prompted false-negative lesions if
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they were prompted on both CC and MLO
views. In another prospective study,
radiologists detected 43 of 48 cancers
without using CAD. CAD detected three
of five missed cancers (two were micro-
calcifications and one was mass). Because
the mass was detected only on one view
by CAD, it was ultimately discarded by
the radiologist and the two cancers associ-
ated with micro-calcification clusters were
accepted (actually detected) by the radi-
ologists. As a result, radiologists detected
additional two cancers (4.7% sensitivity
increase from 43 to 45) with 15% increase
in recall rate when using CAD (Ko et al.,
2006).

Improvement of Detecting Cancers
Associated with Micro-calcification
Clusters

A large number of studies have been per-
formed and reported to evaluate whether
CAD can help radiologists detect more
cancers. In one prospective study, two
radiologists interpreted 12,860 screen-
ing mammography examinations at a
community based breast imaging center
with and without CAD. Before evalu-
ating and diagnosing each examination,
images were processed and analyzed by
the CAD system. CAD generated average
2.8 marks (1.2 micro-calcification marks
and 1.6 mass marks) per examination (four
view images). Radiologist first evaluated
images without viewing CAD-prompted
result and recorded the initial interpretation
results. Then, CAD-prompted results were
provided and the radiologist had an option
to change the initial evaluation results.
Two sets of detection results for each
examination were recorded and compared
(even they were identical). In this study,
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two radiologists dismissed 97.4% of the
CAD-prompted marks and considered the
remaining 2.6% (368) marks actionable.
Two radiologists initially detected 41 can-
cers (including 26 masses and 15 micro-
calcification clusters) without viewing
CAD-prompted results; while CAD inde-
pendently detected 40 cancers (includ-
ing 18 masses and 22 micro-calcification
clusters). By viewing CAD-prompted results
and making changes in their initial detec-
tions, the radiologists detected eight
additional cancers from 41 to 49 (19.5%
improvement in sensitivity) and recalled
156 more women (from 830 to 986) that
represent an 18.8% increase in recall rate.
Of the eight additionally detected can-
cers, seven were associated with micro-
calcifications and one was mass (Freer
and Ulissey, 2001).

At current CAD performance level,
using CAD benefits radiologists in more
efficiently searching for and identifying
micro-calcification clusters depicted on
images. Although CAD is intended to
be used as a “second reader,” due to the
high confidence of radiologists in CAD
performance of micro-calcification clus-
ter detection and relatively easy to verify
CAD-prompted results, more and more
radiologists use CAD as a prescreen-
ing tool (“the first reader”). These radi-
ologists rely heavily on CAD-prompted
results and perform largely a search with
magnifying glasses only in and around
CAD-prompted regions to decide whether
the CAD-prompted region depicts a true-
positive micro-calcification cluster. As a
result, using CAD in clinical practice may
help radiologists (1) substantially improve
efficiency in interpreting mammograms,
(2) reduce inter-reader variability
in interpretation of micro-calcification
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clusters, and (3) detect more subtle cancers
associated with micro-calcifications.

Impact of Computer-Aided Detection
Schemes on Radiologists’ Performance
in Non-prompted Areas

Due to the relatively lower sensitivity
and higher false-positive detection rate
of current CAD schemes on mass detec-
tion, CAD could only detect false-positive
regions and miss subtle masses in some
true-positive examinations. While radiolo-
gists spend more time and effort to discard
these false-positive prompts (i.e., discarding
97.4% of CAD-cued regions in a prospec-
tive study (Freer and Ulissey, 2001)), their
attention to search for subtle lesions is
reduced, which results in the degradation
of their performance in detecting cancers
in non-prompted areas. In a laboratory
study, 20 radiologists read 60 cases twice
(30 depicting cancers) with and without
using CAD. CAD sensitivity was adjusted
to 50% (only detecting 15 cancers). The
average sensitivity of the readers when
using CAD was significantly lower than
the sensitivity without using CAD. The dif-
ference was most noted for cancers in the
15 non-cued positive cases (Alberdi et al.,
2004). A recent large retrospective study
involving 56,387 screening examinations
reported that although using CAD did not
significantly affect radiologists’ overall
sensitivity, the sensitivity was different
in two groups. Radiologists’ sensitivity
increased in the true-positive examina-
tions in which the cancers were correctly
detected by CAD and decreased in cases in
which CAD only prompted false-positive
regions (Taplin et al., 2006). These studies
clearly suggest the importance of reducing
false-positive detection rate of the CAD
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scheme. Providing incorrect prompts not
only reduce the radiologists’ efficiency
in interpreting mammograms, but also
potentially reduce their detection accu-
racy. Radiologists should be aware of this
issue and not ignore the suspicious find-
ings in non-prompted areas to minimize
this potentially negative impact of using
CAD at current performance level.

Optimal Assessment of Computer-Aided
Detection Effect on Radiologists’
Performance

A number of studies have been reported
in the recent years to compare detection
performance between using independ-
ent double reading by two radiologists
and a single reading of one radiologist
with CAD assistance. While some studies
reported that double reading could detect
more cancers than a single reading with
CAD, others reported that single-reading
with CAD improved the overall sensitivity
of detecting breast cancers. Although there
is no agreement on which reading method
results in the detection of more cancers
by radiologists, one can find that in these
studies when the sensitivity is higher using
one reading method, the corresponding
recall rate is also higher (or the specificity
is lower). For example, in one study eight
radiologists re-interpreted 10,267 cases
using CAD. The researchers compared
the reading results between this retrospec-
tive single reading with CAD and original
double reading during the clinical prac-
tice. The results indicate that in this study
single reading with CAD increases can-
cer detection and recall (related to false-
positive) rates by 15% and 32%, respectively
(Gilbert et al., 2006). It is also not clear
how much of the observed difference was
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due to a “laboratory effect” in the retro-
spective mode. Hence, using sensitivity
as a sole criterion to report the potential
effect or benefit of using CAD on radiolo-
gists’ performance is often not sufficient.
In diagnosis of medical images, each
radiologist operates at his/her own ROC
(receive operating characteristic) curve.
Two observers can operate at the similar
ROC performance curves but choose dif-
ferent operating points. One observer has
high detection sensitivity, thereby sacrific-
ing specificity, while another observer is
satisfied with lower sensitivity in order
to achieve higher specificity. When com-
paring performance difference based on
two pairs of sensitivity versus specifi-
city or TPF (true-positive fraction) versus
FPF (false-positive fraction) generated by
two observers or one group of observers
under two reading modes (e.g., with and
without using CAD), it is often difficult
to determine which pair represent higher
performance. Although many researchers
believed that using CAD could improve
radiologists’ sensitivity in detecting breast
cancers, others argued that increasing
false-positive (recall) rate due to the use
of CAD might off-set the potential ben-
efit of small sensitivity increase. The best
approach to compensate the variability of
observer preference in choosing different
operating threshold of detection is to use
ROC analysis. The performance difference
of radiologists with or without the use of
CAD assistance can be more reliably com-
pared based on the difference of the areas
under two ROC curves or the areas under
the two partial ROC curves that are more
clinically relevant. If the researchers want
to compare observer performance at one
specific operating point (threshold), they
should compare the detection sensitivities
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at the same level of specificity (the false-
positive rate).

Change of Cancer Detection and Recall
Rates Before and After Introduction
of Computer-Aided Detection Systems

To eliminate the potential bias of labora-
tory effect in observer performance stud-
ies, a number of research groups directly
investigated changes in breast cancer
detection and patient recall rates after the
introduction of commercialized CAD sys-
tems in several medical centers. One study
analyzed and compared cancer detection
and patient recall rates for 24 radiologists
before and after introducing CAD into
the clinical practice of a University based
medical center. In the data comparison,
56,432 screening cases were interpreted
by radiologists without CAD and 59,139
cases were interpreted with CAD assist-
ance. No statistically significant difference
was found between two reading environ-
ments. The cancer detection rates were
3.49 versus 3.55 per 1,000 examinations
(1.7% improvement, p=0.68); and the
recall rates were 11.39% versus 11.40%
(p=0.96) without and with using CAD,
respectively. The 1.7% increase of cancer
detection rate is mainly contributed by
detecting more cancers associated with
micro-calcification clusters (Gur et al.,
2004a).

Another research group investigated
influence of CAD on performance of
screening mammography at 43 medi-
cal facilities from 1998 to 2002. The
study analyzed screening detection data
of 222,135 women (or a total of 429,345
mammograms). The study reported that
regular mammography screening without
using CAD detected average 4.15 cancers
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per 1,000 women screened, while inter-
preting mammograms using CAD detected
4.2 cancers per 1,000 examinations. The
difference was not statistically signifi-
cant (p = 0.90). However, the biopsy rate
when using CAD was increased by 19.7%,
which corresponds the reduction of posi-
tive prediction value from 4.1% to 3.2%
(p=0.01) and area under ROC curve from
0.919 t0 0.871 (p=0.005). The researchers
concluded that the use of CAD was associ-
ated with reduced accuracy of interpreta-
tion of screening mammograms and the
increased biopsy rate was not clearly asso-
ciated with improved detection of invasive
breast cancers (Fenton et al., 2007). These
studies suggest that how to optimally use
CAD in clinical practice and actually help
improve radiologists’ performance based
on ROC evaluation criterion remains a
challenge and unsolved issue.

NEW DEVELOPMENT IN
COMPUTER-AIDED
DETECTION RESEARCH

Studies have found that radiologists’ atti-
tude toward and acceptance of CAD-
prompted micro-calcification clusters and
masses were substantially different. Due to
the high sensitivity, radiologists heavily rely
on CAD-prompted results while search-
ing for and identifying micro-calcification
clusters. However, the lower CAD sen-
sitivity for mass detection and the higher
false-positive rates reduces the usefulness
of CAD-prompted masses. It is also much
more difficult for radiologists to verify
and accept a CAD-prompted subtle mass
than a CAD-prompted cluster of micro-
calcifications. Asaresult,anumberof studies
found that radiologists either ignored
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CAD-prompted mass regions or substan-
tially reduced the detection specificity. To
improve CAD performance on mass detec-
tion and increase radiologists’ confidence
in CAD results, a number of new tech-
nologies and approaches have been recently
investigated and tested. In this section, we
discuss several new approaches in current
CAD development and optimization.

Multi-View Based Computer-Aided
Detection Schemes

During the interpretation of screening
mammograms, radiologists rely heavily on
the comparison of multiple images acquired
from a single examination (including both
bilateral and ipsilateral views) or sequen-
tial examinations (“prior” and “‘current”
images). The multi-image based infor-
mation plays one of the most important
roles for radiologists to identify suspected
lesions and discard false-positive detec-
tions. However, current commercialized
CAD schemes are basically the single-
image based detection schemes with the
exception of possibly limiting the total
number of CAD-prompted lesions in one
examination. Multi-image (or multi-view)
related information is not incorporated
into the decision making process of these
single-image based CAD schemes. Hence,
CAD is somewhat “disadvantaged” as
compared with radiologists and as a result
the false-positive detection rate of current
CAD schemes is substantially higher than
that of the radiologists, in particular for
mass detection. Another disadvantage of
current CAD schemes is that since case-
based sensitivity is commonly used to
optimize CAD performance and a mass
is considered “detected” if it is identified
either on one or two views, a large fraction
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of true-positive masses and the majority of
false-positive regions are actually detected
by CAD only on one view. Several studies
from different groups suggested that radi-
ologists were more likely to discard subtle
masses detected only on one view as they
routinely did in the case of false-positive
detections.

To overcome these two disadvantages of
current CAD schemes, researchers have
attempted to develop multi-image based
CAD schemes. A number of schemes
has been developed and tested to identify
specific landmarks (e.g., primarily nipple
location and pectoral muscle) depicted on
mammograms. Combining the global reg-
istration method and local area non-rigid
adjustment (alignment), researchers have
investigated different approaches in an
attempt to match suspected mass regions
detected on both ipsilateral (CC and MLO)
views and thus to improve CAD perform-
ance. These approaches used two underly-
ing assumptions: (1) a true-positive mass
(TP) has a higher chance of being detected
by the CAD scheme on both views than
a false-positive region (FP), and (2) the
same mass (TP) detected on two views (a
TP-TP pair) has features that are measur-
ably more similar than either TP-FP pairs
or FP-FP pairs. For example, one study
applied a geometrical model and a linear
discriminant analysis (LDA) based on 15
texture and 31 morphological features
to match (pair) regions detected on two
views and identify TP-TP pairs. Using a
dataset of 128 “current” and 41 “prior”
image pairs as well as applying a threshold
to initially select an average of 10 CAD-
cued suspected regions (matching can-
didates) per image, the study found that
by incorporating a two-view LDA based
classifier, the overall case-based sensitiv-
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ity was increased from 67% to 73% at one
false-positive per image (Paquerault et al.,
2002). Because the correlations of image
features between TP-TP pairs of subtle
masses are often low, in order to main-
tain a relatively high sensitivity for the
schemes, the matching performance was
often assessed and reported at a relatively
high false-positive detection rate (i.e.,
> one false-positive detection per image).
Due to the much higher false-positive
detection rate than the current single-
image based CAD schemes, no multi-view
based CAD scheme has been used in clinical
practice.

In order to increase the number of breast
masses being detected on both views while
maintaining acomparable case-based false-
positive detection rate, a new multi-view
CAD scheme was developed and tested
(Zheng et al., 2006). The scheme com-
bines two independent modules. The first
module is a single-image based scheme
that detects initially suspected regions
depicted on each image. For each identi-
fied region with detection score larger than
the operating threshold, the second mod-
ule is applied to match regions detected on
both views. For this purpose, the module
first identifies or estimates the locations
of nipple and chest wall depicted on two
images. To find matched areas of interest,
the module computes the distance between
the nipple and each CAD-prompted mass
region projected onto the centerline (a line
through the nipple that is perpendicular
to the chest wall). Applying the same
projected distance to the corresponding
ipsilateral image, the module defines a
“matching strip” of interest. The width
of this strip is dependent on the effective
size (e.g., the maximum length) of the
originally CAD-prompted suspected mass
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region. Then, the CAD scheme increases
its detection sensitivity inside this match-
ing strip to search for and identify a poten-
tially matched region. For this purpose,
the scheme gradually lowers its operating
threshold on the detection scores until a
suspected region is detected inside the
strip. These two identified regions are
considered to represent a mass depicted
on two views. If no matched region can
be identified inside the matching strip, the
originally detected region is considered
as an un-matched single region. Unless
the single region meets one of either two
exceptional rules, (1) the detection score
is higher than a threshold (e.g., > 0.85) or
(2) the matching strip of interest cannot be
identified on the ipsilateral view because
the region is located near the chest wall,
the un-matched single region is discarded.

When applying both the single-image
based CAD scheme and the multi-view based
CAD scheme to detect suspected mass
regions depicted on an image database
involving 450 examinations (in which 250
involve malignant masses), the multi-view
based scheme maintained a case-based
detection sensitivity (74.4%) as the sin-
gle-image based scheme at a reduced
case-based false-positive detection rate
by 23.7% (from 539 to 411). At the
same time, the multi-view based scheme
increased the number of true-positive
masses being cued on both views from
91 to 169 (an 85.7% increase). Generally,
attempts to increase the number of true-
positive masses being cued by CAD on
two views would substantially increase the
number of false-positive detections as well.
To overcome this difficulty, this scheme
limits the number of possible matching
pairs to be identified on two views from
=5 to less than one per image, which is
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one of the primary reasons that the CAD
scheme using a simple location based
matching method has potential to substan-
tially increase the number of masses being
detected on two views while maintaining a
comparable case-based false-positive rate
to the CAD schemes used in the clinical
environment. In addition, although the
case-based sensitivity remains the same, a
small fraction of the true-positive masses
originally detected by the single-image
based scheme is replaced by other masses
with somewhat lower detection scores
using the multi-view based CAD scheme,
which may indicate that the multi-view
based scheme actually detects and prompts
more subtle masses. While this multi-view
based CAD scheme increases the number
of true-positive masses being detected on
two views, it also prompted the majority
of false-positive findings on both views.
Although prompting true-positive masses
on two views can help radiologists detect
more subtle cancers, the issues of (1)
whether radiologists can easily recognize
the false-positive regions “matched” incor-
rectly on two views, and (2) whether these
“paired” false-positive detections could
significantly increase radiologists’ recall
rate need to be further investigated before
this type of multi-view CAD scheme can
be optimally applied in the clinical environ-
ment (Zheng et al., 2006).

Computer-Aided Detection Schemes
with Interval Change Classifiers

In screening mammography, most women
have sequential (yearly) examinations.
When the radiologist interprets one exam-
ination, he/she often compare and ana-
lyze the interval changes of the suspected
areas depicted on images acquired
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from current and prior examinations.
Comparison of sequential mammograms
plays an important role in radiologists’
decision making process. For example,
if a suspected mass is visually identified
in current image, the radiologist searches
for the corresponding mass or dense tissue
area depicts on the prior images (if avail-
able) to decide whether this is a new finding.
If the corresponding mass is found in the
prior image, the radiologist compares the
change of size and density distribution
between two masses to estimate the likeli-
hood of malignancy of the finding.

To facilitate such comparison and analy-
sis, a number of research groups have
developed and tested the multi-image based
CAD schemes that incorporate the infor-
mation extracted from both the current and
prior images into CAD classification proc-
ess. For this purpose, the scheme needs
a new computing module to detect and
identify the corresponding mass regions
depicted on current and prior images. A
number of different algorithms using glo-
bal image registration followed by a local
area matching have been developed. To
test the performance of CAD schemes to
automatically link (or match) the temporal
mass pairs depicted on current and prior
images, one study reported that 87% of
124 mass pairs were overlapped at least
50% (Hadjiiski et al., 2001) and in another
study the 82% of 389 temporal mass pairs
were counted as correctly linked (Timp
et al.,2005). After identifying the locations
of matched temporal mass pairs, CAD
schemes segment both regions and com-
pute the features to represent two regions.
Researchers then train and optimize the
classifiers using features computed from
both current and prior images. The testing
results indicated that by incorporating cor-
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responding feature information extracted
from both current and prior images, CAD
scheme achieved higher performance (e.g.,
increasing values of ROC curves from
0.82 to 0.88 (Hadjiiski et al., 2001)). A
recent study developed and reported a dual
CAD scheme, in which two single CAD
schemes were first separately trained and
optimized using current and prior images.
The rule-based and linear discriminant
analysis (LDA) based classifier was then
used in each scheme to generate a detec-
tion score for each identified suspected
mass region. The dual scheme was built
by using an artificial neural network to
merge LDA detection scores and differ-
entiate true-positive masses from the nor-
mal breast tissue. The study reported that
this dual CAD scheme could substantially
reduce FP rate (i.e., from 1.6 to 0.9 per
image at 85% sensitivity) while maintain-
ing higher sensitivity (Wei et al., 2006).
To assess the potential benefit in the clin-
ical practice when using a CAD scheme
that involves an interval change classifier
using the image features computed from
current and prior images, a retrospective
observer performance study was reported
recently (Hadjiiski ez al., 2006). In this
study, 90 temporal pairs of two-view serial
mammograms (depicting 47 malignant and
43-biopsy-proved masses) were selected.
The CAD scheme was applied to proc-
ess these images. Eight radiologists and
two breast imaging fellows participated
in this study to assess digitized two-view
temporal pairs (in pre-selected regions of
interest only) by estimating and report-
ing the likelihood of malignancy of each
mass pair using BI-RADS categories. The
study reported that the average area under
ROC curve of 10 observers in classify-
ing between the malignant and benign
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masses improved from 0.83 without CAD
to 0.87 with CAD (p < 0.05). In BI-RADS
assessment, five observers improved both
sensitivity and specificity. Five observ-
ers reduced specificity (by recommending
more benign masses to biopsy) and among
them one also reduced sensitivity (by
incorrectly removing malignant masses
from the biopsy recommendation list).
This is a very limited study with restricted
laboratory condition that may not be appli-
cable in clinical screening environment.
Hence, further investigations are needed to
assess the benefit of using CAD schemes
involving interval change classifiers.

Interactive Computer-Aided Detection
and Visual Aid

Studies have demonstrated that unless
CAD systems had extremely high per-
formance levels and the results could
be visually verified (e.g., CAD-prompted
micro-calcification clusters), it was often
difficult for radiologists to accept the
CAD results without knowing the logic or
reasoning for the detection. Current CAD
systems prompted all detected suspected
mass regions if their detection scores
are higher than a predetermined operat-
ing threshold without explanation of why
these regions are identified by the schemes
as positive masses. This “black-box” type
approach and the relatively low perform-
ance are the major factors that reduce radi-
ologists’ confidence in CAD-cued mass
regions. To improve CAD performance
and increase radiologists’ confidence in
CAD-prompted masses, several research
groups have been developing interac-
tive computer-aided diagnosis (ICAD)
schemes to identify visually similar and
clinically relevant mass regions. Once a
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suspected mass region is queried by the
observer, ICAD scheme segments the que-
ried region and computes the likelihood of
this region being associated with cancer
based on comparisons with sets of CAD-
selected “similar” regions from a large ref-
erence library. These similar regions with
known (verified) outcome are displayed
on the ICAD workstation and used as a
“visual aid” to assist radiologists in their
decision making. Preliminary observer
performance studies suggest that using an
ICAD concept could improve radiologists’
performance in classifying between malig-
nant and benign masses as well as increase
their confidence in the CAD-cued results
(Giger et al., 2002).

Several techniques using multiple com-
puter-extracted features, pixel value based
mutual information, and content-based
image retrieval network have been investi-
gated and applied to compute “similarity”
between the queried suspicious lesion and
the selected reference lesions. One group
developed an information-theoretic com-
puter-assisted detection (IT-CAD) scheme
to search for and evaluate image similarity
measures (Tourassi et al., 2007). In this
study the researchers first investigated
eight IT similarity measures (including
joint entropy, conditional entropy, mutual
information, normalized mutual information,
average Kullback-Leibler divergence, maxi-
mum Kullback-Leibler divergence, Jensen
divergence, and arithmetic-geometric mean
divergence) to search for similar mass
regions stored in a reference library includ-
ing 1,820 regions of interest. The study
indicated that based on the top five retriev-
als, using normalized mutual information,
the scheme achieved the highest retrieval
precision, which is defined as number of
relevant retrieval regions (e.g., if queried
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region is malignant region, the retrieved
regions are also malignant) divided by the
total number of retrieved regions (includ-
ing both malignant and benign or normal
regions). The study also demonstrated that
this IT-CAD scheme yielded a substantial
reduction in false-positive detections while
maintaining high detection sensitivity. The
limitation of this study is that it assesses
retrieval precision based on semantic, not
visual content.

Although image content-based retrieval
of the similar reference mass regions and
providing radiologists “visual aid” is a new
and attractive concept, it has only achieved
limited success. One of the primary reasons
for the limited enthusiasm is the substantial
fraction of selected reference regions that
are not considered to be “visually similar”
by the observers due to the substantial
difference between computer vision and
human vision. In order to improve the clin-
ical utility of ICAD system and increase
radiologists’ confidence in accepting and
using ICAD results in their decision mak-
ing, improving the clinical relevance and
visual similarity of CAD-selected similar
reference regions are the most two impor-
tant issues. Recently, one research group
developed a new ICAD scheme that aims
to improve visual similarity between the
queried region and ICAD-selected refer-
ence regions (Zheng et al., 2007). First, the
scheme uses a hybrid region growth algo-
rithm (including a multi-layer topographic
region growth and an active contour algo-
rithm) to segment queried suspected mass
region. Second, the scheme detects region
boundary spiculated pixels and computes
an index to classify the suspected regions
into one of the three groups of spicu-
lation levels (“none/minimal,” ‘“moder-

ate,” and ‘“‘severe/significant”). Third, the
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scheme computes a set of image features
for each queried region and applies a dis-
tance-weighted k-nearest neighbor (KNN)
algorithm with three restricted conditions
that guarantee the comparable size, cir-
cularity, and boundary margin spiculation
level among the selected similar regions.
Using the feature-based KNN algorithm,
the scheme searches through the reference
library and selects a small set of similar
candidate regions by quickly discarding
the majority regions as irrelevant regions.
Fourth, the scheme computes mutual infor-
mation (MI) between the queried mass
region and each of the similar regions
selected by KNN algorithm and sorts the
regions starting from the highest MI score.
The scheme finally selects a set of similar
regions with the higher MI scores. Using
these approaches, the ICAD system main-
tains the capability of real-time interaction
between the observer and the computer
scheme. Specifically, the response time
for ICAD system to segment the queried
region, select the similar reference regions,
and display the results is less than one
second. A two-alternative forced choice
observer preference study was conducted
to compare the “visual similarity” between
a queried mass region and two sets of simi-
lar regions selected from a library of 3,000
reference regions. Nine observers partici-
pated in the study to select more visually
similar region sets for each of 85 queried
regions. The results demonstrate that the
new CAD scheme can select reference sets
that are significantly more “visually simi-
lar” (p < 0.05) than when using traditional
CAD schemes in which the mass bound-
ary spiculation levels are not accurately
detected and quantified.

In conclusion, CAD of mammography
has been routinely used in the clinical
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practice to assist radiologists in interpret-
ing screening mammograms. Evaluation
of the impact of using CAD on the actual
improvement of radiologists’ performance
in cancer detection is not a simple task
and the results heavily depend on CAD
performance, the size and diversity of
selected dataset, the experience of the
observers who participated in the studies,
and the reporting methods (or evalua-
tion criteria). Despite the different study
results and disagreement among research-
ers whether current CAD is (or is not) an
effective aid for screening mammogra-
phy, CAD clearly increases the efficiency
and the confidence level of radiologists
while searching for micro-calcification
clusters due to the high sensitivity of
CAD schemes. As a result, radiologists
typically feel less fatigued at the end of a
CAD supported reading session. This is an
important benefit in the clinical practice to
help radiologists make correct diagnostic
decisions. However, the lower CAD sen-
sitivity for mass detection and the higher
false-positive rates reduces the usefulness
of CAD-prompted masses. Although CAD
can detect a high fraction of subtle cancers
missed by radiologists, most of the subtle
malignant masses are detected only on one
view (similar to the most of false-positive
detections). As a result, due to the lower
confidence level of radiologists in the
CAD results of mass detection, majority of
CAD-prompted false-negative masses are
discarded by radiologists in busy screen-
ing environment. As researchers better
understand how CAD is currently used in
the clinical practice and how CAD impacts
on radiologists’ performance, a number of
new approaches has been proposed and
investigated to develop and optimize CAD
schemes for mass detection. To realize
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the full potential of CAD in the clinical
practice, the issues of improving CAD
performance in mass detection as well as
increasing radiologists’ confidence in and
reliance on CAD-prompted masses during
the interpretation of screening mammo-
grams need to be further investigated.
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Sebaceous Carcinoma of the Breast:
Clinicopathologic Features

Masanori Hisaoka and Tetsuo Hamada

INTRODUCTION

Sebaceous carcinoma is a distinctive breast
carcinoma characterized by unequivocal
morphologic differentiation towards seba-
ceous epithelium or sebocytes, whereas its
cutaneous counterpart is better described
most commonly in ocular and only occa-
sionally in extraocular regions. Despite
the possible derivation from a putative
common origin of the mammary glands
and skin appendages, it is notable that pri-
mary sebaceous carcinoma of the breast is
exceedingly rare.

The sebaceous feature in mammary
carcinomas was initially recognized by
van Bogaert and Maldague (1977), who
described such lesions in three cases as
a variant of lipid-secreting carcinoma of
the breast. Subsequently, the sebaceous
differentiation was identified in mammary
adenoid cystic carcinoma by Tavassoli and
Norris (1986) and in peculiar mammary
carcinoma with ductal, squamous, and
myoepithelial elements by Prescott et al.
(1992). In 1999, Tavassoli first described
the mammary carcinoma with well-
differentiated sebaceous morphology
under the rubric of sebaceous carcinoma
in her monograph.

Although cutaneous sebaceous carci-
nomas may also occur in the breast or
involve the mammary gland, such lesions
should not be included in the category of
mammary sebaceous carcinoma.

METHODS

We reviewed clinicopathologic findings
of the cases with sebaceous carcinoma of
the breast or mammary carcinoma with
sebaceous differentiation. In addition, the
formalin-fixed, paraffin-embedded tumor
specimens studied by us were examined
microscopically, histochemically (peri-
odic acid-Schiff (PAS), mucicarmine), and
immunohistochemically using the following
primary antibodies and a labeled polymeric
secondary antibody (EnVision system,
DAKO Cytomation, Kyoto, Japan) with
or without appropriate antigen retrieval;
anticytokeratin (AE1/AE3, 1:50, DAKO
Cytomation), anti-o--smooth muscle actin
(1A4,1:150,DAKO Cytomation), anti-S-100
protein  (polyclonal, 1:200, DAKO
Cytomation), antisynaptophysin (SY38,
1:100, DAKO Cytomation), antineuro-
filament (DA2/FNP7/RMdO20. 11, 1:50,
Zymed, South San Francisco, CA),
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antiPGP9.5 (13C31A3, 1:400, UltraClone,
Isle of Wight, UK), anticarcinoembryonic
antigen (II-7, 1:200, DAKO Cytomation),
antiGCDFP-15 (23A3, 1:50, Novocastra,
Newcastle-upon-Tyne, UK), antiestrogen
receptor (1D5, 1:50, DAKO Cytomation),
antiprogesterone receptor (1A6, 1:50,
Immunotech, Marseille, France), and anti-
HER-2/neu (polyclonal, prediluted, DAKO
Cytomation). Frozen sections were pre-
pared from the formalin-fixed wet tumor
tissue and stained with oil-red-O.

CLINICAL FEATURES

According to the previously described
but still limited cases including the most
recent one by Hisaoka et al. (2006), the
carcinomas with sebaceous differentia-
tion primarily affected middle-aged or
elderly women. A single case of a male
patient was documented by Mazzella
etal. (1995). The patients usually presented
with palpable nodules or masses lacking
any other clinical signs or symptoms. The
right breast was more frequently affected
by the tumor than the left one.

PATHOLOGIC FINDINGS

Macroscopically, the tumors are com-
monly well-circumscribed but occasionally
ill-defined nodules or masses with size
ranging from 2.5 to 7.5cm and a firm con-
sistency (Figure 3.1). The lesion has a solid,
white or gray cut surface. Any connection
between the tumor and the overlying skin
or its adnexal structures is not found.
Microscopically, the lesion is composed
of a nested or lobular and solid or sheet-
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FiGure 3.1. Macroscopic view of sebaceous carci-
noma (arrow), showing a well delineated grayish
nodule

like proliferation of large polygonal epi-
thelial cells with abundant multivacuolated
cytoplasm and often scalloped nuclei,
resembling epithelial cells in sebaceous
glands of the skin, which are variably
admixed with smaller non-vacuolated cells
having eosinophilic cytoplasm (Figures
3.2, 3.3). Tumor cells usually show mild or
moderate nuclear atypia with low mitotic
activity, but frequent mitotic figures may
be present. Intracytoplasmic lipids are
demonstrated in a majority of the tumor
cells with fat staining with oil-red-O or
ultrastructurally. PAS-positive intracyto-
plasmic glycogen granules are few, and
no intra- or extracellular mucin produc-
tion is evident histochemically. The lesion
with predominant tumor cells showing
such sebaceous features fits well with the
designation of sebaceous carcinoma in
the narrow sense, although non-sebaceous
elements of the lesion may display other
distinct morphologic appearances such as
those of mammary ductal carcinoma and
adenoid cystic carcinoma. The lesion is
usually recognized as an invasive carci-
noma with or without minor in situ com-
ponents. Foci of squamous differentiation
(or squamous morules) or myoepthelial
cells may be also present.
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FiGUure 3.2. Microscopically, the tumor cells are
arranged in a nested or solid lobular growth fashion
(Hematoxylin & Eosin, x100)

FIGURE 3.3. Ample multivacuolated cytoplasm with
often scalloped nuclei (arrow) suggests sebaceous
differentiation of the tumor cells (Hematoxylin &
Eosin, x400)

Immunohistochemically, the tumor
cells are invariably positive for epithelial
markers such as cytokeratin and epithelial
membrane antigen. S-100 protein, smooth
muscle actin, gross cystic disease fluid
protein-15 (GCDFP-15), and carcinoem-
bryonic antigen were consistently nega-
tive in the previously analyzed cases and
ours. Focal expression of some neural or
neuroendocrine markers such as synapto-

physin, neurofilament, and PGP9.5 have
been demonstrated in a single study by
Hisaoka et al. (2006). Receptors of estrogen
and progesterone were expressed in most
of the cases examined. No immunohisto-
chemical overexpression of HER-2/neu
has so far been described.

DIFFERENTIAL DIAGNOSIS

Because of the potential intracytoplas-
mic production or accumulation of lipids,
lipid-rich carcinoma and apocrine carci-
noma are main differential diagnoses of
sebaceous carcinoma. Apocrine carcinoma
is characterized by cytologic features of
apocrine differentiation such as abun-
dant eosinophilic or oncocytic cytoplasm.
Although the tumor cells of apocrine
carcinoma usually lack overt sebaceous
differentiation, they may display a histiocy-
toid appearance with vacuolated or foamy
cytoplasm (so-called sebocrine cells). The
histologic architecture of apocrine carci-
noma often exhibits an intraductal solid or
papillotubular or cribriform pattern as also
seen in nonapocrine type mammary car-
cinomas, and essentially differs from the
nested or lobular structures of sebaceous
carcinoma. Furthermore, sebaceous carci-
noma is immunohistochemically negative
for GCDFP-15, a specific marker of apo-
crine differentiation.

Lipid-rich carcinoma is a rare variant of
invasive ductal carcinoma of the breast,
in which a majority of the tumor cells
also contain abundant cytoplasmic lipids.
In lipid-rich carcinoma, the tumor cells
have clear or vacuolated cytoplasm, and
are often arranged in infiltrating nests or
cords or alveolar structures rather than
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in a lobular or solid growth pattern as
seen in sebaceous carcinoma. Moreover,
cytoplasmic lipid vacuoles may be much
more subtle in lipid-rich carcinoma.
Because of the extreme rarity of both lipid-
rich carcinoma and sebaceous carcinoma,
they may, however, represent a single
disease spectrum with some cytoarchi-
tectural variations as initially reported by
van Bogaert and Maldague (1977) rather
than two distinct tumor entities. Although
other primary mammary carcinomas, such
as adenoid cystic carcinoma and ductal
carcinoma, may show focal but unequivo-
cal sebaceous differentiation, they would
be better labeled as such carcinomas with
sebaceous features (or differentiation).

PROGNOSIS AND TREATMENT

Because of the very limited number of
patients with available follow-up information,
the biological behavior of sebaceous carci-
noma remains largely unknown. Tavassoli
(1999) suggested that it is a low-grade
tumor because her study showed well-
differentiated histology and no evidence of
lymph node metastasis despite the relatively
large size of the lesion. However, Varga
et al. (2000) described a case that devel-
oped distant metastases involving the skin
and bones 8 years after the first operation.
Therefore, sebaceous carcinoma is potentially
a more aggressive phenotype of mammary
carcinoma than considered previously.
Besides, the case reported by Hisaoka et al.
(2006) had a metastatic deposit in one of
the nine regional lymph nodes excised at a
muscle-preserving radical mastectomy.
Practically, any lesion should be surgi-
cally removed with an adequate lymph
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node dissection, followed by necessary
adjuvant chemotherapy and/or radiother-
apy essentially according to the risk assess-
ment and therapeutic recommendations
suggested in the recent expert consensus
meeting, which has been reviewed and
summarized by Goldhirsch et al. (2005).
An effectiveness of Herceptin (an anti-
body raised against HER-2/neu), however,
has not been guaranteed because of lack
of any reported examples over-expressing
the oncogenic receptor protein.
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Breast Cancer: Detection by In-Vivo
Imaging of Angiogenesis

Tore Bach-Gansmo and Derek Tobin

INTRODUCTION

The theory that tumor growth is depend-
ent upon angiogenesis started with the
works of Folkman in the 1970s (Folkman,
1971). Since then, research activities in
this field have led to the discovery of cel-
lular markers and mediators associated
with angiogenesis. One such family of
markers is the integrin proteins (Tamkun
et al., 1986), the structure and functions of
which have been the subject of numerous
publications, totaling in excess of 35,000
hits in PubMed.

Integrins are essential for the formation
of new blood vessels, and this dependency
is mediated by the o B, and o B, integrins,
which are specifically expressed and acti-
vated during the angiogenic process. These
molecules thereby provide a potential key
to two medical needs, firstly a therapeutic
target to turn off angiogenesis and provide
a strangle-hold on growing tumors and
secondly, a specifically expressed target
for molecular imaging agents.

Understanding angiogenesis for research
or medical needs requires tools for moni-
toring angiogenic activity. Of particular
interest is the development of non-invasive
in vivo monitoring of angiogenesis, prefer-

ably by visualizing particular molecular
events. Such a tool has the potential to
monitor the presence of an angiogenic
process, its relative activity, the efficacy of
anti-angiogenic agents, and possibly mod-
ify the prognosis for cancer. This chapter
relates the initial clinical experience with
one such new agent, Technetium 99 m-
NC100692. This agent binds to the o 3,
and the o 3, integrins and has provided
exciting initial images that suggest a posi-
tive role for this agent in in vivo imaging
of angiogenic activity.

ANGIOGENESIS

Angiogenesis is the creation of new blood
vessels and is considered an essential
requirement for the development of a solid
tumor beyond the size of 1-2 mm (Hanahan
and Folkman, 1996). Mammalian cells
require a continuous supply of oxygen
(and nutrients) for their survival, and,
therefore, must be located within the dif-
fusion limit for oxygen which is generally
considered to be <200 um from the near-
est blood vessel. As tissue mass increases,
cells located furthest from the nearest
blood vessel become hypoxic and release
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a host of growth factors such as hypoxic
inducible factors; these, in turn, stimulate
the release of proangiogenic factors such
as vascular epithelial growth factor (VEGF)
and fibroblastic growth factors. At present
there are > 20 angiogenic factors and 30
anti-angiogenic factors known. Release
of proangiogenic factors causes a variety
of reactions including endothelial cell
proliferation, release of metaloproteases
for the breakdown of the extracellular
matrix (ECM), and migration of the new
endothelial cells such that the de novo
blood vessels grow towards the hypoxic
area. The growing needs of the ever
hungry tumor are, therefore, met by a
responsive vascular support. Without ang-
iogenesis, cell proliferation is hampered
such that the rate of growth is matched
by the rate of apoptosis and the tumor
remains dormant.

Newly formed blood vessels have charac-
teristics that differentiate them from normal
blood vessels, with important functional
and structural abnormalities. Angiogenic
vessels are highly disorganized, they are
unevenly dilated and show excessive
branching and shunting, as a result, with
chaotic and irregular blood flow. The ves-
sel walls show endothelial fenestration and
transcellular holes, widened interendothe-
lial junctions, and interruptions or a total
lack of basement membrane. The poor
integrity of tumor related angiogenic blood
vessels may have an important role in the
ability of the tumor to metastasize by pro-
viding an easily accessible escape route
from the tumor into the body’s vasculature.
Another particularity interesting feature of
these vessels is the expression of the o f3,
integrin. This integrin is expressed specifi-
cally on endothelial cells associated with
this process.
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INTEGRINS

Integrins are transmembrane receptor pro-
teins with both intracellular and extracellu-
lar components, composed of two variable
subunits named o and B. As many as 18
o and 8 B variants have been described,
which undergo heterodimerization to form
24 different combinations of functional
integrins. A common feature for many of
these, including the o B, integrin, is the
recognition of a configuration of a tripep-
tide sequence arginine-glycine-aspartic
acid (single-letter codes RGD). This RGD
recognizing structure is a central compo-
nent of the extracellular binding site. The
binding specificity of any individual RGD
peptide for a given integrin depends on the
conformation immediately surrounding
the RGD motif. The substrate specificity
shown by integrin receptors varies from
one integrin to the other. The o B, integrin
is a promiscuous partner and is able to
bind a variety of ECM proteins (Alghisi
and Riiegg, 2006).

Integrins bind to ECM proteins, and
thereby offer a means of communica-
tion from the extracellular milieu into
the cell. Cell to cell contact is also medi-
ated by integrin receptors facilitating cell-
cell communication. This generic form of
communication means that integrins are
involved in a huge variety of processes,
including lymphocytes polarization (fol-
lowing B, integrin activation by certain
antibodies), oocytes fertilization, organiza-
tion of muscle and nervous tissues during
development, cardiac growth, repair and
contractility, pathological conditions such
as wound healing and cancer cell biol-
ogy (Mahabeleshwar er al., 2006). With
a multitude of activators, it is unsurpris-
ing that there are a variety of downstream
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intracellular pathways known to mediate
the effects of integrin activation including
inositol lipid synthesis, tyrosine phospho-
rylation of a wide range of nonreceptor
tyrosine kinases, and activation of Ras/
mitogen-activated protein (MAP) kinase
pathway (Eliceiri and Cheresh, 1999).

THE 0.8, INTEGRIN

In the normal human adult, the o B,
integrin has a limited tissue distribution,
it is not normally expressed on epithelial
cells to any extent, and appears only at
minimal levels on intestinal, vascular,
and uterine smooth muscle cells and on a
small percentage of activated leukocytes,
macrophages, and osteoclasts, where it
appears to contribute to immune func-
tion and bone resorption. Certain invasive
tumors such as malignant melanoma and
certain sarcomas also express o, [3,, where
it contributes to the malignant phenotype
of the tumor (Eliceiri and Cheresh, 1999).
Endothelial cells exposed to growth fac-
tors, or those undergoing angiogenesis in
tumors, wounds, or inflammatory tissue,
express high levels of o f3;. As might be
expected the spatial and temporal expres-
sion of o, 3, integrin during angiogenesis is
reflected in the functional importance the
molecule plays in this process. Disruption
of o B, integrin function by specific anti-
bodies (Vitaxin, and LM609) or antisense
RNA has shown some efficacy in reducing
tumor growth and angiogenesis in vitro;
however, B3 knock-out mice have normal
vasculature, and the in the rare disease
Glanzmann thrombaesthenia, in which
patients lack [, subunits, there are no
apparent vascular aberrations. This con-
tradiction in data has led to the developing

idea that unligated o 3, plays a role in
activating apoptosis such that endothelial
cells die when in contact with an inappro-
priate extracellular matrix (Stupack et al.,
2001; Kim et al., 2002).

The particular expression pattern of o 3,
integrin in vascular cells has made this
molecule not only a target for therapeutic
agents but also for imaging agents. Sipkins
(Sipkins et al., 1998) demonstrated that a
monoclonal antibody that specifically binds
to the o, 3, integrin accumulates in areas of
tumor-related angiogenesis. Bound to the
paramagnetic metal gadolinium, the anti-
body-gadolinium complex allows detection
of angiogenesis in vivo using magnetic
resonance imaging. This approach provides
enhanced and detailed imaging of the neo-
vasculature associated with the growth of a
carcinoma model in rabbits.

Recent efforts in angiogenesis imaging
have led to the development of an o3,
integrin marker for use with positron emis-
sion tomography (PET). Fluorinated (18 F)
agents are expected to provide informa-
tion not only concerning the expression
of o, but also the functional status
of this integrin (Haubner et al., 2005).
This hypothesis first materialized the same
year as the publication of an initial clini-
cal investigation (Beer et al., 2005) of
pharmacokinetics and biodistribution of
such an agent, which was chosen by The
Journal of Nuclear Medicine as the most
outstanding contribution from the litera-
ture published by the journal during 2005.

SCINTIMAMMOGRAPHY

Scintimammography (SMM) with sesta-
mibi or tetrofosmin has been performed for
many years (Khalkhali et al., 1994; Cwikla
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et al., 2001). The procedure has, however,
remained a third line investigation in spe-
cialized centers. This may change with the
publication by Boyd et al. (2002) showing
evidence that dense breast may be a par-
ticular risk factor for breast cancer. Women
with extensive dense breast tissue visible
on a mammogram have a risk of breast
cancer that is 1.8-6.0 times that of women
of the same age with little or no density. In
addition, dense breast tissue is a confound-
ing factor in identifying tumors from a
mammogram. The number of missed can-
cers estimated in women with extremely
dense breasts is 3.0 compared to 0.4 for
fatty breasts in women from 60-69 years
(Kerlikowske et al., 2007).

As breast tissue density does not influ-
ence the results of SMM, there is a
window of opportunity for this procedure.
However, there are additional requirements
that must be settled before nuclear medi-
cine represents a valid supplement to X-ray
mammography (XMM). Particularly, the
sensitivity of the method has been under
question, and until recently, published data
suggested that the sensitivity of *™Tc-ses-
tamibi SMM had limited diagnostic value
in lesions below 1cm, although lesions of
Icm and above could be detected with a
sensitivity as high as 92%. However, the
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sensitivity of SMM is only as good as the
tracer used. The development of a new
generation of molecular markers, with a
different physiological mechanism than
conventional sestamibi or tetrofosmin may
increase the utility of SMM in patients
with difficult-to-interpret mammographic
images. Finally, new technical improve-
ments in semi conductor gamma camera
development may be the turning point in a
more widespread use of SMM.

TECHNETIUM LABELED
NC100692

The radiopharmaceutical *™Tc-NC100692
is a cyclic, chelate-petide conjugate con-
taining an RGD motif, under development
by GE Healthcare. In the mother com-
pound NC100692, the C-terminal amino
acid carries an ethylene glycol chain, and
a chelator capable of binding **™Tc¢ linked
to the N-terminal amino acid (Figure 4.1).
The agent demonstrates high affinity for,
and a relatively specific binding to the
o f3, integrin, with a K, in the order of
1 nmol/L (Oulie et al., 2007). Some affin-
ity for another integrin associated with
angiogenesis, the o f3; integrin, has also
been demonstrated for NC100692.
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FIGURE 4.1. Structure of
NC100692. (From Oulie et al.,
2007 with permission.)
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Labeling of NC100692 with *™Tc¢ pro-
vides a potential tool for imaging the o 3,
integrin and hence indirectly visualizing
angiogenesis, providing the possibility to
demonstrate the presence of malignant
lesions using conventional gamma camera
technology.

In a study in a murine model of hind
leg ischemia, *°™Tc-labeled NC100692
was shown to target the o [, integrin,
enabling the detection of angiogenesis
associated with peripheral limb ischemia.
The imaging was performed with a high-
resolution gamma camera, the results
were validated with gamma well count-
ing of tissue, and the endothelial cell
specificity was confirmed by immuno-
histochemistry. The conclusion of this
study was that this agent demonstrated
acceptable pharmacokinetics and in vivo
efficacy for imaging angiogenesis (Hua
et al., 2005). The Tc-labelled peptide
formulated for use as a radiopharma-
ceutical in vivo marker has been named
NC100962 Injection.

INITIAL CLINICAL
EXPERIENCE

Breast cancer is a common disease, often
detected at an early stage. The cancer is
situated in a region which is readily acces-
sible for surgery and complete anatomic-
pathological correlation. Breast cancer
was, therefore, chosen as a primary model
for the clinical evaluation of NC100692 in
the detection of angiogenesis associated
with a malignant process. An important
hypothesis, however, is that it is not the
region examined, but rather the process
which is being imaged. Hence, it may be
postulated that the results from this limited

indication could be valid for a variety of
malignant diseases.

This first clinical trial, a phase Ila study,
was thus performed to provide an initial indi-
cation of the efficacy of *™Tc-NC100692
Injection as a marker of angiogenesis in
malignant breast tumors.

PMTC-NC100692 in Breast Cancer

In a two-center clinical study, 16 female
patients aged 40—76 years with a high sus-
picion of malignant breast disease, were
included. An additional four patients with
benign disease were included as controls
after a protocol amendment. The trial
was conducted according to the Helsinki
Declaration, and was approved by the local
independent ethics committees and national
review boards. Initial subject inclusion
was based upon a screening XMM, dem-
onstrating a presumptive malignant breast
tumor. This finding was subject to a con-
firmatory ultrasound examination. Most
subjects were scheduled to undergo breast
biopsy immediately after the SMM, and
surgery within 3 weeks of inclusion. For
most of the benign lesions, histopathology
after aspiration cytology or biopsy was a
part of the final clinical diagnosis (Bach-
Gansmo et al., 2000).

Investigational Imaging agent

Avial containing 75 pg of ™ Tc-NC100692
Injection reconstituted in 3.5ml of sterile
saline was administered as a single bolus
injection followed by a 10ml saline flush.
The mean activity injected was 694 MBq.

Gamma cameras and imaging protocols

A static frontal view image was acquired
(10min acquisition time) at 45min and
1h 45min post-injection. At 1h and 2h
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post-injection a static lateral image was
acquired. SPECT images were acquired at
1'h 15 min post-injection using a 2 headed
camera. During the acquisition of the
static lateral images the subject was prone
using a specially designed mattress with
the breast pending freely. Imaging was
performed using a dual headed gamma
camera (ADAC Genesys and Siemens
E-CAM). SPECT acquisitions were per-
formed in the same manner using a 360°
circular orbit, 128 steps (64 steps, two
heads), each of 30s. The images were eval-
uated by two experienced on-site nuclear
medicine physicians and confirmed from
histopathology.

Surgery

All except two subjects with malignant
lesions underwent surgery within 3 weeks.
There was a histopathological verification
of all malignant tumors. Biopsy, but no
further follow-up was performed in the
patients with benign lesions. Histological
investigation of the axillary lymph nodes
was performed in all patients with malig-
nant lesions from sentinel node surgery or
axillary lymph node dissection.

Results and efficacy

There were no significant safety issues
from the study. One subject experienced
a metallic taste for a short period of time
during the night following the injection.
A total of 22 malignant lesions were
detected in 16 patients, mostly invasive
ductal carcinoma (IDC) (n = 8) (Figure
4.2), invasive ductal carcinoma with in situ
components (n = 7), and invasive lobular
carcinoma (n = 5) and isolated ductal car-
cinoma in situ (DCIS) (n = 2), The size of
the lesions, as found by histopathological
examination, varied from 6—-<40mm. Of
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these 22 lesions, 19 (86%) were detected
with the prescribed **™Tc-NC100692 scin-
tigraphy imaging protocol. Three lesions
were not identified: two tumors measuring
2.5 and 6 mm and a case of multifocal inva-
sive lobular carcinoma, where one of three
lesions was missed. Although a 10mm
large area of DCIS in one subject was
clearly defined, components of DCIS in
patients with well defined IDC were gener-
ally not identified.

As axillary regions were included in the
gamma camera field of view, an evaluation
of uptake of the study drug in lymph nodes
was made. For 9 of the 16 subjects with
malignant lesions, no lymph node metas-
tases were detected by histopathology
and SMM showed no uptake in the axil-
lary area. Seven subjects had lymph node
metastases detected by histopathology.
Four of these subjects had lymph nodes
> 20mm and focal uptake in the axillary
region associated with lymph node metas-
tasis was clearly identified in three of
these patients. The fourth subject also had
focal uptake in the axilla but this could
not be confirmed as lesion-specific, as the
subject also had inflammatory skin lesions
which showed moderate to high uptake of
NC100962 both in the axilla, and in other

FiGURE 4.2. Lateral view (in specially designed mattress)
and anterior view of a 2.5 cm large invasive ductal
carcinoma using a conventional gammacamera.
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regions. Three subjects had small, non-palpable
lymph node metastases (< 5mm) which
were not detected by scintigraphy.

Not surprisingly, only large axillary
(and potentially internal mammary)
lymph nodes could be imaged. There is
no evidence or reason to believe that
submillimeter lesions associated with
lymphatic spread of breast cancer could
be imaged. The sentinel node procedure
will remain as important a procedure
if and when scintimammography with
NC100692 becomes a clinical reality,
only obviating the procedure in the very
few patients with large lymph nodes that
the pathologist might erroneously call
benign after a non-diagnostic ultrasound
guided biopsy.

Five benign changes were detected on
SMM. These benign lesions were 4 fibro-
cystic changes and one infected cyst. All
the fibrocystic changes detected by scin-
tigraphy were seen as heterogeneous dif-
fuse areas of uptake and had a different
appearance from the distinct focal uptake
seen with malignant lesions. One subject
had intense uptake in an infected cyst.
Interestingly this lesion showed a similar
level of uptake as malignant lesions which
may be due to invading leucocytes which
are known to express o, 3, during inflam-
mation.

In summary, the findings suggest that
fibroadenomas are not visualized on SMM
and fibrocystic changes can lead to dif-
fuse uptake. The imaging results from this
study demonstrated that *™Tc-NC100692
Injection scintigraphy can detect malig-
nant lesions. However, it should be noted
that no cases classified as difficult or
inconclusive by XMM/US were included
in this study and that no lesions < 6 mm
were evaluated.

Alllesions > 10 mm were clearly detected
by #™Tc-NC100692 Injection scintigra-
phy. Similar results have been achieved
and documented for other scintigraphic
agents (e.g., ®™Tc-sestamibi and *™Tc-
tetrofosmin). *™Tc-NC100692 Injection
scintigraphy using the prescribed imag-
ing protocol detected lesions as small as
7mm, but failed to visualize a 6 mm lesion
located close to the chest wall. Because it
is generally accepted that growth of solid
cancers beyond a diameter of 2-3mm
requires new growth of blood vessels (ang-
iogenesis), it is unlikely that scintigraphy
with *™Tc-NC100692 Injection will be
able to detect very small malignant lesions
in which there is not a significant
angiogenic process.

IMPROVEMENTS IN GAMMA
CAMERA TECHNOLOGY

During the last 5 years technical improve-
ments in gamma camera technology has
led to the construction of dedicated cam-
eras for breast imaging. Imaging with one
of these new generation gamma cameras
was performed as an investor driven, inde-
pendent clinical trial, to assess the full
potential of SMM. The gamma camera
used was a prototype LumaGem camera.
The LumaGem (Gamma Medica — Idea,
Northridge, CA) is a small digital semi-
conductor camera in which the scintilla-
tion crystals have been replaced by 2.5
x 2.5mm large elements of the semicon-
ductor Cadmium-Zinc-Telluride (CZT)
(Mueller et al., 2003; O’Connor et al.,
2007). The size of the detector is 30 x
40cm with only a narrow (8mm) dead
space between the edge of the camera
and the detector field of view. Images
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are acquired in an 80 x 80 matrix, with a
pixel size of 2.5 x 2.5mm. The system is
equipped with a general purpose collima-
tor with 2.3 x 2.3mm square holes and a
depth of 35mm. The size of the gamma
camera allows positioning between the
breasts. It is thus possible to image struc-
tures close to the thoracic wall and in the
medial quadrants, regions where the utility
of ordinary SMM has been limited.

Supplementary Clinical Study

Classical scintimammography with a con-
ventional gamma camera presents two
orders of limitations, the first as discussed,
being the sensitivity of the radiopharma-
ceutical. The selectivity of such an agent
for tumor tissue remains a key issue to any
development in this field. However, the
inherent limitations of the Anger gamma
camera presents another order of limita-
tions to the development of scintimammog-
raphy. A large dead space imposes the use
of prone lateral imaging with the patient’s
breast pending in specially designed mat-
tresses. The area close to they chest wall
and medial quadrants of the breast are
regions where the prone scintimammogra-
phy has severe limitations.

Technical developments have led to the
introduction of a new generation of small
gamma cameras based on semi-conductors,
such as the cadmium zinc telluride sys-
tem With an improved spatial resolution
and high energy discrimination, with the
same order of magnitude as conventional
gamma cameras, these new cameras are
expected to provide a reliable diagnosis
of tumors down to 5-7mm in diameter
(Mueller et al., 2003).

Eight of the nine patients included in the
primary center for the phase II trial were

T. Bach-Gansmo and D. Tobin

included in this additional imaging study,
being performed in parallel to the principal
study. Two acquisitions using a cranio-
caudal and a lateral view were made, and
moderate compression of the breast was
always applied. Each acquisition lasted
10min. The procedure was performed
between 40 min and 2% h after injection of
the agent. The prototype camera used was
LumaGem, as described in the previous
paragraph.

LumaGEM scintigraphy revealed all
malignant lesions identified with con-
ventional ultrasound or X-ray mammog-
raphy, except in one patient with large
hypertrophic breasts. In this patient the
procedure was not conclusive because
the breasts exceeded the size of the camera.
In a patient with multifocal lobar carci-
noma, only two of three foci were identified
prior to surgery, by any of the diagnostic
methods. Also a 2.5 mm large lesion was
only found at histopathology. The remaining
nine tumors in the seven patients were all
diagnosed with LumaGEM (Figure 4.3).
The combined use of the new angio-
genesis based receptor imaging agent
NC100629 and a dedicated digital gamma
camera (LumaGem) for breast imag-
ing was highly effective in detecting
breast cancers. In this limited number of
patients, LumaGEM identified all lesions
visualized by the conventional gamma
camera, including SPECT, and identi-
fied an additional 6 mm lesion not found
using the gamma camera (Bach-Gansmo
et al., 2007).

Future of Integrin Scintigraphy

This initial clinical trial demonstrates
promising breast cancer detection using
integrin scintigraphy. With the introduction
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FIGURE 4.3. Lateral view of a 1 cm large invasive ductal
carcinoma using LumaGEM.

of dedicated breast imaging gamma cam-
eras, nuclear medicine may have found an
alternative to X-ray mammography in sub-
groups of patients where this examination
is known to have limitations. The agent
distinguishes itself from contrast agent
agents used in routine practice by provid-
ing physiological information regarding
the lesion of interest. The hypothesis is
that *™Tc-NC100692 provides informa-
tion on the angiogenic status of malignant
lesions. Similar markers of angiogenesis
have shown a good correlation between
signal intensity obtained on nuclear imag-
ing, integrin expression, and microvessel
density. Growth rate and prognosis of a
lesion is associated with the microvessel
density of the lesion, and therefore visual-
izing angiogenesis may provide additional
clinical information of a given lesion.
One area of potential interest is the use
of the agent for the monitoring of response

to cancer treatment with the aim of dis-
tinguishing between responders and
non-responders. Response to standard
chemotherapy regimens may be monitored
by assessing angiogenicity as a surrogate
marker of lesion growth versus lesion
death. In addition, it may also be possible
to monitor lesion response to the newer
biological anti-cancer agents, many of
which have anti-angiogenic activities (e.g.,
bevacizumab). Continued work is required
to validate the findings presented here and
to investigate the clinical potential of one
of the first candidates in the promising
field of in vivo physiological markers.
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Breast and Prostate Biopsies: Use of
Optimized High-Throughput MicroRNA
Expression for Diagnosis (Methodology)

Michael D. Mattie and Robert C. Getts

INTRODUCTION

Recent technological advancements and
methodologies have been developed to per-
form global analysis of tissue-specific ‘sig-
natures’ of microRNAs in humans. The
emerging view from such studies is that
altered miRNA expressioncommonly occurs
in a variety of cancers, which underscores
the potential utility of miRNA profiling for
diagnostic and prognostic applications. We
present here a high-throughput methodol-
ogy for miRNA profiling that is sufficiently
sensitive for routine use on clinical speci-
mens with limited starting material.

MicroRNA Biogenesis

MicroRNAs (miRNA) are a class of small
non-coding RNAs encoded in the genomes
of animals and plants (reviewed in Bartel,
2004) that play a role in targeting messages
of protein-coding genes for cleavage or
translational repression (Ambros, 2003;
Bartel and Bartel, 2003). In mamma-
lian cells, the active miRNA products are
formed from a larger primary transcript
(pri-miRNA) generated in the form of long,
polycistronic messages by a type II RNA
polymerase (Cai et al., 2004; Lee et al.,

2004). The pri-miRNAs form specific hair-
pin-shaped stem—loop secondary structures
that are processed in the nucleus by the
RNase III Drosha to release a 60—110bp
miRNA precursor (pre-miRNA) (Gregory
et al., 2005). Pre-miRNAs may be further
post-translationally edited to modulate or
modify targeting (reviewed in Landgraf
et al., 2007). The pre-miRNAs are then
transported to the cytoplasm by Exportin-5
(Bohnsack et al., 2004), where the RNase
IIT endonuclease Dicer processes the mole-
cule into double-stranded, 18—24-bp mature
miRNAs (Ketting ez al., 2001; Hutvagner
and Zamore, 2002), one strand of which
is incorporated into the ribonucleoprotein
complex RISC (RNA-induced silencing
complex) for subsequent targeting to
mRNAs (Lin et al., 2005, Gregory et al.,
2005). Target messenger RNA (mRNA)
sequences are inactivated by cleavage in
a fashion similar to RNAi, while pairing
with partially complementary sequences
in the 3’ UTR of target mRNAs can either
repress translational efficiency or induce
transcript decay (Olsen and Ambros, 1999).
Binding through imperfect complementa-
rity allows a single miRNA to potentially
target multiple transcripts, as predicted by

43
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multiple algorithms (Lewis et al., 2003; John
et al., 2004). Present estimates suggest that
nearly a third of all cellular transcripts may
be regulated by the few hundred human
miRNAs currently known to exist (Bartel,
2004). There are > 450 miRNAs in the human
genome annotated in the miRNA registry to
date (Griffiths-Jones et al., 2006), with some
estimates suggesting there might be as many
as 1,000 in the human genome. The major-
ity of human miRNAs are located within
the introns of protein-coding or noncoding
mRNA transcripts (Rodriguez et al., 2004),
with the remaining miRNAs being located
within the exons of noncoding mRNA genes
and the 3° UTRs of mRNA genes, or in clus-
ters such as one found on chromosome
19 that is comprised of 54 novel miRNAs
(Cai et al., 2004; Bentwich et al., 2005;
Baskerville and Bartel, 2005).

Biological Roles of MicroRNAs

To date, functional roles have been charac-
terized for only a relatively small fraction of
the hundreds of currently known miRNAs.
Of the ones that have been characterized,
several play key roles in a variety of
processes, including early development, cell
proliferation and cell death, fat metabolism,
cell differentiation, insulin secretion, and
neuronal development (reviewed in Cao
et al., 2006; Plasterk, 2006; Shivdasani, 2006).
The first evidence linking miRNAs to cancer
first appeared in 2002, which reported dele-
tion or downregulation of specific miRNAs
in cancer cells (Calin et al., 2002). Since
then, a number of studies have reported
altered expression of a variety of miRNAs
in various cancer types. Takamizawa et al.
(2004) reported that reduced expression of
the let-7 miRNA in human lung cancer was
significantly associated with shortened post-
operative survival of patients after poten-
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tially curative resection. This evidence, in
conjunction with functional studies, suggests
that ler-7 could be used diagnostically for
patients with non-small-cell lung carcino-
mas to determine their prognosis for post-
operative survival (Johnson et al., 2005;
Yanaihara et al., 2006). Lu et al. (2005)
used a novel bead-based flow cytometric
method to profile 217 mammalian miRNAs
across 334 primary tumors, normal tissues,
and tumor-derived cell lines representing a
diverse panel of human tissues and tumors.
The researchers found that the expression
profiles of only a relatively small panel
of miRNAs (~200 genes) were required
to accurately classify human cancers. The
expression profiles reflected the develop-
mental lineage and differentiation state of
the tumors, with tumors clustering according
to their embryonic lineage. An examina-
tion of miRNA profiles of various human
malignancies, including breast and prostate
cancer (Iorio et al., 2005), revealed a small
subset of deregulated miRNAs (including
mir-125b, mir-145, mir-21, and mir-155)
that unequivocally distinguish normal from
malignant breast tissue. Other differentially
expressed miRNAs appear to correlate with
breast cancer histopathologic features such
as tumor size, nodal involvement, prolifera-
tive capacity and vascular invasiveness (lorio
et al., 2005). The emerging view from these
studies is that altered miRNA expression
commonly occurs in a variety of cancers,
which underscores the potential utility of
miRNA profiling for diagnostic and prog-
nostic applications (Takamizawa et al., 2004;
Torio et al., 2005; Calin et al., 2005; Lu et
al., 2005). However, while there appears to
be a significant population of ubiquitously
expressed microRNAs, most of the differ-
ences between tissues and cell types are
accounted for by only a small subset of these
molecules (Landgraf et al., 2007).
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Focus of this Chapter

Adapting high-throughput methods for
mRNA profiling to study miRNAs involves
a number of technical challenges. Cloning
and Northern blot analyses typically require
large amounts of starting material, more than
is typically available from clinical biopsy
samples, prohibiting their use in high-
throughput miRNA profiling. The small
size of miRNAs provides very little sequence
for labeling or designing probes. A number
of high-throughput approaches have recently
been developed, including microarray
(reviewedinFEinat,2006),quantitative RT-PCR
(Chen et al., 2005; Schmittgen et al., 2004)
and bead-based flow cytometry (Lu et al.,
2005), which have been useful in performing
global analysis of tissue-specific ‘signatures’
of miRNAs in humans. However, several of
these methods can require initial inputs up to
several micrograms of total RNA for global
miRNA analysis. A number of new methods
have been developed for miRNA isola-
tion, labeling, probe design, data analysis,
and array production, many of which are
now commercially available. We adapted
a previously described method (Goff et al.,
2004) for the amplification of mRNAs that
allows for sensitive high throughput microar-
ray analysis of miRNA expression. We have
been able to successfully amplify miRNA
with as little as 250pg of enriched miRNA
(~ 2ng total RNA), an amount which is easily
obtainable from needle core biopsies or other
clinical samples with very limited cellular
material. The amplification method demon-
strates good replication fidelity in compari-
son to unamplified miRNA, suggesting that
all miRNAs are being amplified efficiently
and with little bias. We present here a
high-throughput methodology for miRNA
profiling that is sufficiently sensitive for
routine use on clinical specimens with
limited starting material.

METHODOLOGY FOR
HIGH-THROUGHPUT MIRNA
PROFILING

Purification of miRNA

The quality of gene expression analysis by
microarray is heavily dependent on RNA
quality and requires robust and reproduc-
ible methods for the quantitative isolation
of miRNA. Many RNA isolation methods,
such as chemical extraction or solid-phase
extraction on glass filters, were originally
designed to capture longer mRNA species,
but do not quantitatively retain the small
RNA fraction. However, a number of isola-
tion methods have been developed that are
available in convenient kit formats that retain
the small RNAs during total RNA isolation
or enrich for the small RNA population. In
our experience with the methodologies pre-
sented in this chapter, further enrichment for
the small RNA fraction improves the ampli-
fication of miRNAs, as well as improves
microarray analysis by reducing nonspecific
hybridization to longer miRNA precursors,
homologous regions of target mRNAs, and
other unrelated RNA species.

Isolation methods

Trizol: Chemical extraction method that
uses highly concentrated chaotropic salts
in conjunction with guanidinium isothio-
cyanate and acidic phenol or phenol-chlo-
roform solutions to inactivate RNases and
purify RNA results in highly pure recovery
of total RNA, but the RNA must typically
be desalted and concentrated with an alco-
hol precipitation step, which may not quan-
titatively recover the small RNA fraction.

Solid-phase extraction (column-based

RNA isolation) relies on high salt or salt
and alcohol to decrease the affinity of RNA
for water and increase its affinity for the
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solid support (usually a silica filter). The
conditions used do not effectively retain
the small RNA fraction. MicroRNAs can
potentially be isolated from flow-through
fractions, but this is not as ideal as other
options below.

Denaturing polyacrylamide gel electro-
phoresis (PAGE) has been used as an
alternative means for isolating miRNAs
from total RNA, but is a time-consuming
procedure that results in variable yield.
The flashPAGE fractionator system from
Ambion can rapidly and reproducibly
fractionate total RNA samples with greater
efficiency than traditional PAGE; however,
the yield of small RNAs is typically < 1 ng
per 10ug of total RNA from mammalian
tissue, which may not be suitable for sam-
ples of limited size.

Microfiltration requires isolation of total
RNA by one of the other methods listed,
usually Trizol-extracted. Microcon col-
umns (Millipore) can be used to enrich for
the small RNA fraction by size exclusion.
These are centrifugal columns with a low-
binding regenerated cellulose membrane
that allows for concentration, desalting,
and purification of nucleic acid samples.

Column-based miRNA isolation kits. Our
preferred method for miRNA enrichment
with prostate and breast tissue biopsies
involves isolation with the mirVana miRNA
isolation kit (Ambion) or the PureLink
miRNA isolation kit (Invitrogen). These
methods utilize columns with glass fiber
filters. An ethanol concentration is used
that is sufficient enough to immobilize the
large RNA fraction in an initial column,
but not the small RNA fraction. The flow-
through fraction is then bound to a second
column with an increased ethanol concen-
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tration, washed and eluted. The small RNA
fraction contains RNA species 200nt.

Procedure for miRNA isolation from
prostate and breast tumor biopsies

1. RNA was isolated from fresh frozen tis-
sue biopsies.

2. Tissue sections were cut in 14uM sec-
tions with a microtome onto glass slides.

3. Dehydrate sections on slides for 1min
each in 70%, 95%, and 100% ethanol.

4. Dehydrate in xylene for Smin and let
slides dry.

5. Representative slides stained with hema-
toxylin and eosin were reviewed by a
pathologist.

6. Areas of interest for each tissue sec-
tion were manually microdissected with
a scalpel. If available, laser capture
microdissection offers better preci-
sion. Scrape and put each sample into
lysis buffer from mirVana or PureLink
miRNA isolation kit.

7. Homogenize samples with a motorized
rotor-stator homogenizer (Polytron).

8. Proceed with miRNA enrichment
procedure according to manufacturer
instructions.

Formalin-fixed paraffin-embedded (FFPE
samples). Due to their small size, miRNAs
are relatively resistant to RNase degrada-
tion and can be successfully isolated from
routinely processed FFPE tissue. In our
experience, the RecoverAll Total Nucleic
Acid Isolation kit for FFPE from Ambion
is suitable for isolation of RNA and enrich-
ment of the miRNA fraction for microarray
analysis. In a recent study, Lawrie et al.
(2007) isolated miRNAs from FFPE
sections using the RecoverAll kit and
performed microarray analysis using the
same labeling procedure described in this
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chapter. They found that the FFPE samples
gave similar results to matched frozen
tissue by qRT-PCR, even when > 8-years
old. FFPE-isolated miRNA also gave
comparable data to frozen material in
microarray analysis.

AMPLIFICATION OF LOW
MOLECULAR WEIGHT RNA

An adaptation of the SenseAMP™ Plus
RNA amplification protocol (Genisphere,
Inc.) was utilized for amplification of
low molecular weight (LMW) RNA for
miRNA microarray analysis of prostate
and breast cancer biopsies as described by
Mattie er al. (2006). This method is based
on the use of T7 RNA polymerase enzyme
to generate amplified RNA for further
analysis by microarrays, quantitative RT-
PCR, ELOSA, or other relevant RNA-
based applications. Up to 30ng of enriched

RNA sample

LMW RNA sample can be used in this
amplification procedure. The procedure
described below has recently been made
available in a commercially available kit
from Genisphere (SenseAmp"™ Plus Low
Molecular Weight RNA Amplification kit);
this procedure is also available as a similar
version from Invitrogen (NCode™ miRNA
amplification kit, cat. no. MIRAS-20).

Depending on the amount of available
starting material from a given sample,
amplification of miRNA may be necessary
prior to the labeling procedure to ensure
reliable detection of miRNAs expressed
at low levels. The following guidelines
on various means of miRNA enrichment
and resulting yields that are suitable for
the labeling procedure can be used to
determine whether sufficient material is
available for the labeling procedure or if
amplification may be necessary prior to
labeling of samples:

Input needed for labeling

Total RNA containing LMW RNA

LMW RNA enriched by Microcon YM-100
Filter (Millipore cat. no. 42413)

LMW RNA enriched by PureLink™
miRNA Isolation Kit (Invitrogen
cat. no. K1570-01)

LMW RNA enriched by mirVana™
miRNA Isolation Kit (Ambion
cat. no. 1560)

LMW RNA enriched by flashPAGE™
Fractionator (Ambion cat. no AM13100)
LMW RNA enriched by Qiagen RNA/DNA

Midi Kit (Qiagen cat. no. 14142)
senseRNA" amplified by

Genisphere’s SenseAMP
Plus LMW RNA Amplification Kit

(cat. no. RAMP110MIR or RAMP120MIR)

0.5-3 ug
10-80 ng
50-300 ng
50-300 ng
0.1-1 ng

50-300 ng

125-750 ng

Note: The amplification procedure described here is not compatible with the TagMan® miRNA gRT-PCR assays from
Applied Biosystems because the addition of the polyA tail to the 3" end of miRNAs inhibits binding of the hairpin
primer to correct position. This procedure is compatible with other qRT-PCR approaches (Shi and Chiang, 2005;

™

NCode ™ qRT-PCR from Invitrogen). One should also ensure that the senseRNAs produced with this amplification
method are compatible with the probe design of the particular detection platform selected.
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Enrichment of LMW RNA

This amplification protocol will result
in amplification of all RNA species.
As a result, it is optimal to enrich the
sample for low molecular weight RNA
species to allow better amplification of
miRNAs. Samples can be enriched as
described previously for the LMW RNA
fraction using commercially available
columns such as the mirVana™ miRNA
Isolation kit (Ambion), the PureLink™
miRNA isolation system (Invitrogen), or
the FlashPage fractionator according to
manufacturer instructions. For total RNA
samples that were isolated by a method
that retains the LMW RNA fraction, such
as Trizol extractions, the procedure below
can be used to enrich for the LMW RNA
fraction.

1. Dilute the total RNA sample to 100 pLL
with 10 mM Tris (pH 8).

2. Heat to 80°C for 3 min, then cool on ice
for 3 min.

3. Whilethe sampleiscoolingonice,add 50 ul
of 10 mM Tris (pH 8) to a Microcon YM-
100 column (Millipore, cat. no. 42413),
and spin for 3min at top speed.

4. Discard the flow-through and the col-
lection tube. Place the column into a
new collection tube.

5. Add the 100 ul of RNA to the Microcon
column, and centrifuge for 7min at top
speed.

6. Save the eluate in the collection tube. This
is the enriched LMW RNA. Yields may
be quantitated with the RiboGreen RNA
Quantitation Kit (Molecular Probes).

Poly(A) Tailing

Using Poly(A) polymerase enzyme (PAP),
a short tail of ~ 70 adenine residues is
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added to the 3’ end of all LMW RNAs.
This is a modification of the Poly(A) tail-
ing kit protocol from Ambion.

1. In this protocol, up to 30ng of low
molecular weight RNA can be used.
Adjust the volume to 18 ul with nucle-
ase-free water.

2. For LMW RNA samples between 1 and
30ng: dilute the ATP(10mM) in 1 mM
Tris (pH 8.0) according to the following
formula:

ATP dilution factor = 5,000/ng of LMW
RNA

For example, if starting with 2ng RNA,
the ATP dilution factor = 5000 + 2ng
= 2500.

Dilute the ATP 1:2500 by adding 1l of
ATP to 2499 ul of 1 mM Tris (pH 8.0).

For LMW RNA samples > 1 ng: dilute the
ATP 1:5000 in 1 mM Tris (pH 8.0).

3. Add the following components to the
18ul LMW RNA, for a volume of 25 ul:

2.5 pl 10X Reaction Buffer (PAP Buffer)
2.5ul 25mM MnCl,

1 ul diluted ATP

1 ul PAP Enzyme

4. Mix gently and microfuge.
5. Incubate in a 37°C heat block for 15 min.

First Strand cDNA Synthesis

1. Briefly microfuge the 25ul of tailed
RNA and place on ice.

2. Prepare a 1:10 dilution of SenseAmp
dT primer by adding 1ul SenseAmp dT
primer to 9ul 0.1X TE. Vortex and briefly
microfuge. The SenseAmp dT primer is
an oligo dT24 primer (50 ng/ul).

3. Onice,add 2 ul of 1:10 diluted Sense Amp
dT primer.
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Amplification of LMW RNA with SenseAmp Plus: Procedure Overview

5 3
O Poly (A) Tailing LMW RNA
Poly A Polymerase
/ Poly (A) tail
o 3
Poly (A) tailed RNA
® First Strand cDNA Synthesis i
== dT Primer
Reverse Transcriptase\l/
5 3 —» RNA is degraded
Y — 5
cDNA
© Tailing of First Strand cDNA
|_— Terminal Deoxynucleotidyl
Transferase
Poly (dT) tail
\ A J
3 5
Tailed cDNA

O T7 Promoter Synthesis
T7 Template Oligo
*

% = DNA Polymerase blocker;

prevents second strand synthesis ™~

|~ Klenow Enzyme

v

5' _*

T7 Promoter{ 3 5

T7 promoter modified cDNA

© In Vitro Transcription
_—T7 Polymerase

& 3
senseRNA

® Poly(A) Tailing: Poly (A) tails are generated on all LMWV RNA molecules.

First Strand cDNA Synthesis: RNA is primedusing an Oligo (dT) and/or random primer to produce
single-stranded cDNA.

© Tailing of First Strand cDNA: First strand cDNA is purified then tailed with d TTP using Terminal
Deoxynucleotidyl Transferase.

O T7 Promoter Synthesis: The T7 Template is annealed to the 3' end of the cDNA. Klenow enzyme fills
in the 3’ end of first strand cDNA to produce a double-stranded T7 promoter. The T7 Template contains

ablocker to prevent second strand synthesis.

© InVitro Transcription: senseRNA copies of the original RNA molecules are generated.
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. Mix gently and microfuge. Incubate at

65°C for 10 min and immediately trans-
fer to ice for 2 min.

. Add the following components on ice,

for a volume of 50 ul:

10l 5X First Strand Buffer (or equiva-
lent buffer supplied with the RT)

Sul0.1M DTT (If supplied with the RT;
otherwise use nuclease free water)

2.5 ul ANTP mix (10 mM each concen-
tration)

1 ul Superase-in™ RNase inhibitor

2 ul SuperScript II reverse transcriptase,
200 units

2.5 ul Nuclease-Free Water

. Gently mix (do not vortex) and incubate

at 42°C for 1h.

. Stop the reaction by adding 8.75ul of

0.5M NaOH/50 mM EDTA. Briefly vor-
tex and microfuge. Note: the reaction may
turn to a brown color; this is normal.

. Incubate at 65°C for 30min to degrade

the RNA. Note: the reaction may turn
from brown to clear; this is normal.

. Neutralize the reaction by adding 12.5 ul

of 1M Tris (pH 8.0). Bring the sample
to 100 ul by adding 28.75ul 1X TE

Buffer. Briefly vortex and microfuge.
This is the cDNA.

Purification and Concentration of cDNA

Purify the cDNA using a Microcon YM-
100 column and a conventional tabletop
microfuge.

1

. Add the 100 ul cDNA to the sample

reservoir. Do not touch the membrane
with the pipette tip. Secure the tube cap
and centrifuge for 6 min at 13,000 x g.

.Add 200 ul of 1X TE buffer to the

sample reservoir without touching the
membrane. Gently mix by pipetting up
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and down 5 times. Secure the tube cap
and centrifuge for 6 min at 13,000 x g.

3. Carefully separate the sample reservoir
from the collection tube. Discard the
flow-through. Place the YM-100 col-
umn into the same collection tube.

4. Add 200ul of 1X TE buffer to the
sample reservoir without touching the
membrane. Gently mix by pipetting up
and down 5 times. Secure the tube cap
and centrifuge for 6 min at 13,000 x g.

5. Carefully separate the sample reservoir
from the collection tube. Discard the
collection tube.

6. Add Sul 1mM Tris (pH 8.0) to the
sample reservoir without touching the
membrane. Gently tap the side of the
reservoir to mix.

7. Carefully place the sample reservoir
upside down in a new collection tube.
Centrifuge for 3min at 13,000 x g.

8. Note the volume of cDNA collected in
the bottom of the tube (5-10 pl). Bring
the volume of cDNA to 10 pl with nucle-
ase free water.

Tailing of First Strand cDNA

1. Heat purified cDNA (10ul) to 80°C for
10min. Ice immediately for 1-2min.
Briefly microfuge and return to ice.

2. For each reaction, prepare a Master Mix
in a separate tube on ice:

2 ul 10X Reaction Buffer (supplied with
TdT enzyme)

2 ul Nuclease Free Water

4ul 10 mM dTTP

2ul TdT Enzyme (Terminal Deoxy-
nucleotidyl Transferase)

10 pl

3. Combine the Master Mix and the cDNA
for a volume of 20 ul. Mix gently and
microfuge.
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4. Incubate in a 37°C heat block for 3 min.
Do not exceed 3min.

5. Stop the reaction by heating to 80°C for
10 min. Briefly microfuge and cool to
room temperature for 1-2 min.

T7 Promoter Synthesis

1. Add 2ul of SenseAmp T7 Template
Oligo to the tailed cDNA for a volume
of 22 ul. Briefly vortex and microfuge.
The T7 Template Oligo consists of a T7
promoter sequence on the 5” end of a 3’
end blocked poly dA oligo sequence.

2. Incubate at 37°C for 10min to anneal
the strands.

3. To each reaction, add the following
components for a volume of 25 ul:

1 ul 10X Reaction Buffer

Iul ANTP mix (10 mM each dATP,
dCTP, dGTP, dTTP)

1 ul Klenow Enzyme (5 U/ul)

4. Mix gently and microfuge. Incubate at
room temperature for 30 min.

5. Stop the reaction by heating to 65°C for
10 min. Place on ice.

6. Proceed to the In Vitro Transcription
reaction using half (12.5ul) of the pro-
moter-modified cDNA. Save the remain-
ing modified cDNA at —20°C for future
use or for use in a parallel amplification
reaction.

In Vitro Transcription

1. Incubate the 12.5ul of cDNA at 37°C
for 10 min to re-anneal the strands.

2. Thaw the T7 Nucleotide Mix (ATP,
CTP, GTP, UTP, 75mM each) and 10X
T7 Reaction Buffer at room tempera-
ture, and keep at room temperature
until use. Thoroughly vortex the 10X
T7 Reaction Buffer to avoid precipita-
tion of certain buffer components.

3. For each reaction, add the following
components to the 12.5ul of cDNA at
room temperature, for a final volume
of 25ul:

8.0 ul T7 Nucleotide Mix
2.5 ul 10X T7 Reaction Buffer
2.0 ul T7 Enzyme Mix

4. Mix gently and microfuge. Incubate
in a thermalcycler (with heated lid) at
37°C for 4-16h. Or, place the reaction
in a 37°C heat block for Smin and then
transfer to a 37°C air hybridization
oven for 4-16h. It is essential to avoid
evaporation and condensation of the
reaction during this step.

Purification of senseRNA

Purify the senseRNA using the RNeasy
MinElute Kit (Qiagen cat. no. 74204) fol-
lowing Qiagen’s protocol for RNA Cleanup.
To elute, add 14ul Nuclease Free Water,
incubate for 2 min, and then spin. The
recovered volume should be ~ 12 pl.

Quantitation of senseRNA

Determine the concentration of the senseRNA
using the RiboGreen RNA Quantitation Kit
(Molecular Probes cat. no. R-11490). Use
the Ribosomal RNA standard provided with
the kit to prepare a standard curve. Use 1l
of the purified senseRNA to quantitate.
Concentrations can also be determined using
spectrophotometers that utilize low volumes
(1-2 pl) such as a NanoDrop ND-1000
(NanoDrop Technologies).

LABELING OF miRNA

The described procedure (FlashTag",
Genisphere) will label any RNA sample,
including total RNA, senseRNA, severely
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degraded RNA, and low molecular weight
RNA. This protocol describes labeling low
molecular weight RNA (snRNA, hnRNA,
piRNA, miRNA, etc.) for microarray anal-
ysis. Starting with ~ 1ug of total RNA (or
LMW RNA enriched from 1ug of total),
the process begins with a brief tailing reac-
tion followed by ligation of the signal mol-
ecule to the target RNA sample. Samples
can be labeled with either Oyster®-550
(equivalent to Cy™3) or Oyster®-650
(equivalent to Cy™5). This procedure has
been tested and is compatible with several
array platforms (see below). The proce-
dure described here utilizes Genisphere’s
proprietary 3DNA dendrimer signal ampli-
fication technology. The 3DNA dendrimer
is a branched structure of single and
double stranded DNA conjugated with
numerous fluorescent dyes (Nilsen et al.,
1997, Stears, et al., 2000). Whereas other
labeling strategies typically target a single
fluor to the sample, a 3DNA molecule
delivers ~ 15 fluors to the sample. The
FlashTag™ protocol presented here is simi-
lar to the microRNA 3’ tagging portion of
the NCode™ miRNA labeling procedure
from Invitrogen. In the case of FlashTag "™,
a small DNA dendrimer is directly attached
to the 3" end of a poly A tail enzymatically
synthesized on each miRNA molecule in
the sample. As a result, one hybridization
step is required to develop the signal and
establish an expression pattern.

Microarrays

FlashTag™ has been tested to be com-
patible with the following commercially
available miRNA microarrays:

* NCode Multispecies miRNA Array
(Invitrogen)

« miRCURY LNA Array (Exiqon)
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e CustomArray 4X2 MicroRNA Array
(CombiMatrix)
 Non-commercially printed arrays”

*See notes in microarray platform sec-
tion regarding compatibility with array
platforms

RNA Samples

FlashTag labeling can accommodate any
RNA sample, including intact or degraded
total RNA, enriched LMW RNA, or sense
RNA that has been amplified from LMW
RNA using the SenseAMP"™ Plus LMW RNA
Amplification Kit. While it is not required
to enrich the RNA sample, some RNA
samples may require enrichment in order
to achieve accurate results. For example,
to distinguish mature and precursor miRNAs,
enrichment may be necessary.

For microarray analysis: Flashtag™ RNA
Labeling Kit (Genisphere)

*Note: This protocol can accommodate
enriched RNA or senseRNA that has been
amplified from LMW RNA using the
Sense AMP"™ Plus LMW RNA Amplification
Kit. If labeling senseRNA, the “Poly (A)
Tailing” reaction is not required. Proceed
directly to Flashlag Ligation step, using
125-750ng adjusted to a volume of 15ul
with Nuclease-Free water.

Enrichment and Concentration of LMW
RNA Using YM-100 and YM-3
Columns

For total RNA samples that have not been
enriched for the low molecular weight
RNA fraction using the column-based pro-
cedures previously mentioned, enrich the
total RNA sample using a Microcon YM-
100 column (Millipore cat. no. 42413) and
a conventional tabletop microfuge.
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1. Dilute the total RNA sample to 100 pl
with 10 mM Tris (pH 8.0).

2. Heat to 80°C for 3min, then immedi-
ately cool on ice for 3 min.

3. While the sample is cooling on ice, add
50ul of 10mM Tris (pH 8.0) to the
Microcon column, and spin for 3 min at
13,000 x g.

4. Discard the flow-through and the col-
lection tube. Place the column into a
new collection tube.

5. Add the 100 ul of RNA to the Microcon
column, and centrifuge for 7min at
13,000 x g.

6. Save the eluate (~ 95ul) in the collection
tube. This is the enriched LMW RNA. The
LMW RNA can be quantitated with the
Quant-iT RiboGreen RNA Assay Kitor the
NanoDrop ND-1000 Spectrophotometer.
Proceed to Concentration or “FlashTag
RNA Labeling Procedure”.

Note: To collect the high molecular weight
RNA, add 5 ul of 10 mM Tris (pH 8.0) to
the Microcon column and gently mix
by tapping the side. Carefully place the
sample reservoir upside down in a new
collection tube and centrifuge for 3 min at
13,000 x g.

Concentration of LMW RNA
with Microcon YM-3 Column
(Millipore cat. no. 42404)

1. Add the LMW RNA from step 6 above
(~95ul flow-through of YM-100) to
the YM-3 sample reservoir. Do not
touch the membrane with the pipette tip.
Secure the tube cap and centrifuge for
30min at 13,000 x g.

2. Check the volume of the flow-through
and continue the centrifugation if nec-
essary. For adequate concentration, the
flow-through volume should be equal to

the loaded volume minus 5 pl. For exam-
ple, if 95ul was loaded, then the flow-
through volume should measure 90 pl.

3. Add 5ul of 10mM Tris-HCI (pH 8.0) to
the sample reservoir and gently mix by
tapping the side.

4. Carefully place the sample reservoir
upside down in a new collection tube.
Centrifuge for 3min at 13,000 x g to
collect the concentrated LMW RNA
(~5-10ul). The LMW RNA can be
quantitated with the Quant-iT RiboGreen
RNA Assay Kit or the NanoDrop ND-
1000 Spectrophotometer. Proceed to
“FlashTag RNA Labeling Procedure”.

FlashTag RNA Labeling Procedure
Procedure Overview:

Step 1: Poly A tail the 3' end of the RNA
(15 min)

Step 2: Ligate the FlashTag " dendrimer
to the 3' end of the tailed miRNA
(30 min).

Step 3: Prepare Hybridization Mix and
apply to microarray (Overnight)

Step 4: Wash microarray (30 min)

Step 5: Scan and analyze results.

Note: If labeling senseRNA, the “Poly (A)
Tailing” reaction is not required. Adjust
the volume of senseRNA to 15ul with
Nuclease-Free water and proceed directly
to “FlashTag Ligation” below.

Poly (A) Tailing

1. Adjust the volume of RNA, including
any spike-in controls, to 10ul with
nuclease-free water.

2. Dilute the ATP mix (10 mM) in 1 mM
Tris (pH 8.0) as follows:

For total RNA samples, dilute the ATP
Mix 1:500.
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For enriched samples, calculate the
dilution factor according to the fol-
lowing formula:

5000 + ng input LMW RNA

Example: If using 100ng of enriched
LMW RNA, the dilution factor is 5000
+ 100 = 50. Dilute the ATP Mix 1:50.

3. Add the following components to the
10l RNA, for a volume of 15 ul:

1.5ul 10X Reaction Buffer (PAP Buffer)
1.5ul 25 mM MnClI2

1 ul diluted ATP Mix

1 ul PAP Enzyme

4. Mix gently (do not vortex) and microfuge.
. Incubate in a 37°C heat block for 15 min.
Discard any unused, diluted ATP Mix.

9,

FlashTag Ligation

Perform the following steps in the dark to
avoid degradation and fading of the fluo-
rescent dyes.

1. Briefly microfuge the 15ul of tailed
RNA and place on ice. If labeling
senseRNA, adjust the volume to 15ul
with Nuclease-Free water and proceed
to step 2.

2. Add 4 ul of the appropriate 5X FlashTag
Ligation Mix (Oyster-550 or Oyster-
650). Oyster-550 and Oyster-650 have
similar spetral characteristics to Cy3™
and Cy5"™, respectively.

. Add 2l of T4 DNA Ligase (2U/ul).

. Mix gently and microfuge.

. Incubate at room temperature for 30 min.
Protect the reactions from light.

6. Stop the reaction by adding 1.5ul of
0.5M EDTA, pH 8.0. Mix and micro-
fuge the 22.5l of ligated sample. The
samples are now ready for hybridization
to microarrays.

N B W
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Hybridization Procedures
(Spotted Arrays)

*Hybridization procedures presented below
are general procedures for arrays spotted
with oligonucleotides having ~ 22 bases of
Tm optimized sequence complementary to
microRNAs. For commercially available
arrays (Invitrogen, Exiqgon or CombiMatrix)
refer to recommended conditions from
manufacturer.
Additional required materials:

* Glass coverslips (Corning, VWR or
other manufacturer)

« Heat blocks set to 65°C and 70-80°C

» Wash buffers: 2X SSC/0.2% SDS, 2X
SSC and 0.2X SSC

 Hybridization oven set to 52°C

Array Hybridization

1. Resuspend the 2X Hybridization Buffer or
2X Enhanced Hybridization Buffer (rec-
ommended). Other hybridization buffers,
including 2X SDS-based Hybridization
Buffer, can be used. Heat the hybridiza-
tion buffer to 70-80°C for 10 min, vortex,
and repeat as necessary to resuspend the
buffer. Microfuge for 1 min.

2. For dual-color assays: combine the
two ligation reactions and add 2ul of
FlashTag Hyb. Blocker and 5ul of 10%
BSA. Then add 52ul of hybridization
buffer. The Hybridization Mix is 104 ul.
For single-color assays: add 1ul of
FlashTag Hyb. Blocker, 5 1l of 10% BSA
and 28.5ul of hybridization buffer. The
Hybridization Mix is 57ul. For larger
volumes, add equal parts 2X hybridiza-
tion buffer and water.

3. Heat the Hybridization Mix to 65°C
for 10min. Gently vortex and briefly
microfuge.
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4. Apply some or all of the Hybridization
Mix to a microarray, and cover with a glass
coverslip. Hybridization chambers can also
be used. Note: 2X Enhanced Hybridization
Buffer requires higher hybridization vol-
umes due to increased viscosity.

Recommended Hybridization Mix volumes

for glass coverslips:

5. Incubate the array 6h to overnight (6—
20h) in a dark, humidified chamber at
52°C.

Array Washing

1. Prewarm the 2X SSC/0.2%SDS wash
buffer to 52°C.

2. Remove the coverslip by washing the
array in 52°C 2X SSC/0.2% SDS for
2 min or until the coverslip floats off.

3. Wash for 15min in 52°C 2X SSC/
0.2%SDS.

4. Wash for 15min in 2X SSC at room
temperature.

5. Wash for 15min in 0.2X SSC at room
temperature.

24x40mm  24x50mm  24x60 mm
coverslip coverslip coverslip
2X Enhanced buffer 43ul 53ul 63ul
2X SDS buffer 37ul 45ul 53ul

6. Transfer the array to a dry 50 mL cen-
trifuge tube or slide rack. Immediately
centrifuge for 2 min at 800-1,000 RPM
to dry the slide (any delay in this step
may result in high background). Avoid
contact with the array surface.

Signal Detection

Scan the array according to the manufac-
turer’s recommendations, or first apply
DyeSaver 2 coating (Genisphere cat. no.
Q500500) to preserve fluorescent signal.

Detection Platforms for MicroRNA
Profiling

Microarray platforms can be classified on
the basis of whether they support one-color
or two-color analysis. Fabricated (printed)
microarrays are typically produced by
robotic spotting of synthetic oligonucle-
otides probes onto the array and bound to
it, usually at the 5° end through an amino
group. These types of arrays can generally
support two-color experiments, requiring
that a test and reference sample are each
labeled with a fluorescent dye and cohy-
bridized on the same array. Alternatively,
printing and fabrication technologies can
be used to produce in situ synthesized
microarrays. In this approach the probes
are synthesized on the array and are bound
to the surface at the 3’ end since the oli-
gonucleotide synthesis is carried in a 3’ to
5’ direction. When choosing a detection
platform, compatibility between miRNA
labeling/amplification methods and detec-
tion platforms should be confirmed, which
means ensuring that the design of the
probes are compatible (see below) and,
in the case of microarrays, knowing the
surface chemistry of the arrays and how
they are fabricated. Composition of the
hybridization buffer will also determine
compatibility. For example, the custom
spotted arrays described in the experi-
ments by Mattie et al. (2006) were made
by spotting oligonucleotides with an
arrayer onto glass slides coated with poly-
L-lysine. During evaluation of various
labeling approaches with these arrays, it
was discovered that hybridization buffers
containing formamide will strip the poly-
L-lysine coating, along with the probes,
from the surface of the array. Likewise,
the precursor to the FlashTag™ labeling
procedure, the Array900 miRNA labeling
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kit (Genisphere), was not compatible with
CombiMatrix arrays. Subsequent changes
to the dendrimer design for the FlashTag™
kit have resolved this issue.

In designing a microarray for miRNA
analysis, optimal oligonucleotide probe
design is essential. Prior studies have
demonstrated that the closer the miRNA
complementary sequence is to the surface,
the lower the signal obtained. Binding
may be physically hindered because of the
close proximity and rigidity of the mol-
ecules at the surface-binding position. A
recent study that evaluated probe design
examined the effect of probes containing
two or three copies of the target miRNA
(Goff et al., 2005). The results of the
study demonstrated that the copy found at
the probe end that is farthest away from
the surface is the most relevant, not the
number of copies. As a result, various
groups have used either tandem copies
of the mature miRNA sequence or non-
human genome sequences as a ‘“‘stuffer”
or linker to ensure the complementary
miRNA sequence has enough distance
from the surface of the array. Orientation
of the probes should also be determined to
ensure that the hybridized-labeled material
is in the right orientation for complementa-
rity. Inclusion of control probes, mismatch
probes, or spike-in control probes can be
used to assess aspects of the methodology,
including specificity, labeling efficiency,
hybridization efficiency, and accuracy in
measuring differential expression. Both
the probe design and the efficiency of the
labeling method can contribute to the over-
all sensitivity of the platform.

Choice of a detection platform should
weigh a number of factors including sen-
sitivity, specificity, amount of input RNA
required and available, cost, versatility or
compatibility of sample processing with
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other detection platforms, and the number
of miRNAs that need to be measured. The
methods presented in this chapter allow for
highly sensitive miRNA expression profil-
ing for samples with limited input. These
methods were especially ideal for tissue
sections of biopsy samples. The low inputs
required for the amplification and/or labe-
ling procedure leaves enough material for
follow-up validation with other detection
platforms that do not require high amounts
of sample input to survey a smaller panel
of miRNAs, such as qRT-PCR or bead-
based methods.

Analysis of MicroRNA Expression Data

A number of considerations should be
taken into account when analyzing miRNA
expression data. For a more thorough
review on this subject see Davison et al.
(2006). In summary, several of the funda-
mental assumptions that underlie conven-
tional mRNA array analysis do not apply
to the current state of miRNA analysis.
First, the amount of RNA added to mRNA
arrays is held constant, whereas the amount
of miRNA loaded is unknown and can
fluctuate widely between different tissues
and samples. Second, the typical mRNA
array experiment assays tens of thousands
of genes that represent nearly the entire
genome of transcripts. Consequently, the
assumption for mRNA microarrays is that
the expression levels of the vast majority
of genes will have little or no variation
across a set of experiments, and most
mRNA normalization methods rely on this
stabilizing, central trend in the data. In
contrast, miRNA expression patterns and
the number of miRNAs with detectable
expression levels can vary widely between
tissues. As a result, mean centering the data
can yield false results. Finally, no reliable
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set of constitutive or housekeeping miRNA
genes has been reported, so it is not yet
appropriate to normalize to an internal
standard such as housekeeping miRNAs.

As a relatively new field, consensus on
normalization and analysis of miRNA array
data has not been achieved and the appro-
priate selection of methods continues to
be debated. In terms of array data we have
found that a scale factor normalization
approach may be more appropriate for
miRNA array analysis, though other valid
approaches have been described as well
(see Davison et al., 2006 review). TagMan
analysis has also had its own issues in terms
of analysis. Early on, certain miRNAs like
mir-16 and let-7a were used to normalize
the data against because these miRNAs
were found to be highly abundant within
many tissues. However, these same miRNAs
have also been found to be differentially
expressed in several cancers. Normalization
to any particular miRNA is really only
appropriate if it is found to remain con-
stant across your sample set. Other genes
that have been suggested for the purposes
of miRNA TagMan normalization include
18S rRNA or snoRNAs, but again this
assumes that these remain constant across
your data set and that your RNA isolation
method gives consistent quantitative reten-
tion of these RNA species. As with mRNA
microarray analysis, microRNAs found to
have significantly differential expression
between groups should be confirmed by
other measurement options that have been
mentioned in this chapter (e.g., qRT-PCR
or bead-based profiling).

MicroRNAs in Cancer Diagnosis
and Prognosis

Recent evidence from translational studies
suggests that miRNA signatures may be

useful in categorizing, detecting and pre-
dicting the course of an increasing number
of human cancers. Translating miRNA
signatures into clinical biomarkers is sub-
ject to the lessons learned from previous
biomarker validation studies. Such valida-
tion studies should include a well-defined
clinical question, a statistically valid exper-
imental design, selection of highly charac-
terized cases appropriate to the question and
representative of the population, considera-
tion of tumor heterogeneity, identification
of normal controls, a robust platform, and
robust statistical and computational analy-
sis of diagnostics and predictors that are
validated on independent data sets. The
clinical usefulness of a biomarker should
be assessed in randomized clinical trials
and subsequently validated in follow-up
trials (Wilson, 2006). Such studies will be
critical for translating miRNA expression
into clinical application as biomarkers for
the diagnostic, prognostic, and predictive
management of cancer.
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Familial Breast Cancer: Detection
of Prevalent High-Risk Epithelial Lesions

Peter Bult and Nicoline Hoogerbrugge

INTRODUCTION

BRCAI and BRCA2 mutation carriership is
associated with a highly increased risk of
developing breast carcinoma. For women
carrying a BRCA mutation, the risk of
breast cancer begins to increase before the
age of 25, with a steep increase after the age
of 40 years. The cumulative risk of devel-
oping breast cancer before the age of 40
years is ~ 15%, while the cumulative risk
of developing breast cancer before the age
of 50 is 40-50% (Ford et al., 1998). The
life time risk of invasive breast cancer is
60-80%. Very little is known regarding
the early stages of breast cancer develop-
ment in the inherited forms of the disease.
Women with hereditary predisposition to
breast cancer are prone to develop epi-
thelial lesions that indicate a high risk of
subsequent invasive breast cancer (Dupont
and Page, 1985; Hoogerbrugge et al.,
2003). These high-risk lesions include
atypical lobular hyperplasia (ALH), atyp-
ical ductal hyperplasia (ADH), lobular
carcinoma in situ (LCIS), and ductal car-
cinoma in situ (DCIS) (Kauff er al., 2003).
These epithelial lesions may predict the
occurrence of subsequent invasive breast
cancer (Singletary, 1994).

Women with a clear autosomal domi-
nant family history for breast cancer that is
not caused by a BRCAI or BRCA2 muta-
tion also have a prevalence of epithelial
high-risk lesions, which is at least as high
as that of mutation carriers. The presence
of high-risk lesions is associated with age;
especially at the age over 40 years a large
number of women with or without a BRCA
mutation have high-risk epithelial lesions.
Previous oophorectomy should not be
taken to indicate low-risk of epithelial
lesions in women at high risk of hereditary
cancer (Hoogerbrugge et al., 2006).

The options for women with a del-
eterious germ-line mutation in BRCAI
or BRCA2 to handle their high risk are
either regular surveillance or prophylactic
mastectomy. Bilateral prophylactic mas-
tectomy in healthy women with a BRCA
mutation is associated with a 90% reduc-
tion in breast cancer incidence (Meijers-
Heijboer et al., 2001; Rebbeck et al.,
2004). When applied at young age, at or
before the age of 40 years, this may lead
to a significant survival advantage (van
Roosmalen et al., 2002). This procedure
is much less accepted for women who
appeared to be negative for a BRCA mutation
even though they have an apparent autosomal

61
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dominant family history for breast can-
cer (Lostumbo et al., 2004). Especially
women with breast cancer at young age
and a strong family history but without a
BRCA mutation may want to opt for con-
tralateral prophylactic mastectomy.

After initial diagnosis of breast cancer in
a BRCAI or BRCA2 mutation carrier, the
risk of developing cancer in the opposite
breast is ~30% in 10 years (Metcalfe et
al., 2004), increasing to 40% in 10 years
when breast cancer occurred before the
age of 40 (Verhoog et al., 2000). Data con-
cerning the risk of cancer in the opposite
breast of women with an autosomal domi-
nant family history for breast cancer with-
out a BRCA mutation are lacking. Most
likely the risk of a second primary breast
cancer in these women greatly depends on
the age of the breast cancer patient, as well
as on family history. The optimal manage-
ment of patients with breast cancer and
an autosomal dominant family history for
breast cancer is still controversial. Simple
mastectomy is an effective way to prevent
breast cancer (Meijers-Heijboer et al.,
2001). However, it is unknown whether
contralateral prophylactic mastectomy
leads to survival advantage (Lostumbo
et al., 2004). The stage and thereby the
prognosis of the treated breast cancer may
greatly influence survival of patients with
contralateral prophylactic mastectomy.
Especially young women who had breast
cancer with characteristics indicating a
good prognosis and a high genetic risk of a
second primary breast cancer may benefit
from contralateral prophylactic mastec-
tomy. Most likely these patients have a
heterogeneous genetic origin, consisting
of women carrying a yet unknown BRCA
mutation, or a combination of several less
potent susceptibility genes (Easton et al.,
2007). Although prophylactic mastectomy
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can be an option for these women, it is
not the only option. Improved surveil-
lance with advanced technologies such as
magnetic resonance imaging (MRI) may
be able to detect cancers at an early stage
(Kriege et al., 2004). In theory chemopre-
vention, for example with tamoxifen, may
be an option (Bramley et al., 2006). It is
important to realize that for women with
an autosomal dominant family history but
without a personal history of breast cancer
and no detectable BRCA mutation, alterna-
tive options instead of preventive mastec-
tomy should be considered, because risk
status cannot adequately be measured and
the ability to modify this risk by mastec-
tomy is not sufficiently known.

Careful examination of prophylacti-
cally removed breasts by the pathologist
is important to exclude occult invasive
carcinoma. Additionally, identification of
premalignant lesions in prophylactically
removed breasts supports the decision of
prophylactic mastectomy in women at
high hereditary risk of breast cancer.

In general practice, sampling of the mas-
tectomy specimen is performed by macro-
scopical examination and palpation, before
and after manual slicing of the specimen.
Excisions are taken at least from the nipple
and the four quadrants of the breast, and
from suspicious areas. Special attention
should be paid to changes in color and
to palpable lesions not seen on the radio-
grams or not apparent with inspection. For
example, ochreous colored fat tissue may
indicate an invasive carcinoma, and point-
shaped necrosis is suspicious for comedo
type DCIS. Specimen radiography can
guide this sampling of the mastectomy
specimen (Egan, 1982; Holland et al.,
1985; Hoogerbrugge et al., 2003, 2006).
Resolution of the specimen radiograms is
much higher than that of mammography.
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Therefore, small architectural distortions,
small densities (Figures 6.1 and 6.2), and
tiny microcalcifications (Figures 6.3 and 6.4)
in the breast tissue, skin, or fascia can be
detected and subsequently sampled for
histopathological examination.

MATERIALS

1. Measuring staff.

2. Scale.

3. Indian ink.

4. Waterproof felt pen.

FIGURE 6.1. Specimen radiograms of a right breast
without (A) and with (B) pathological findings.
A small partly speculated density is seen (short arrow),
besides an intramammary lymph node (long arrow)

5. Sutures.
6. Surgical needles.
7. Refrigerator which cools down to 32
degrees Fahrenheit (0 degrees Celsius).
8. Meat slicing machine.
9. Old mammograms or hard plastic pads.
10. Digital camera.

AREA OF DCIS

B

FIGURE 6.2. Magnified radiograms of Figure 6.1 with
a small partly speculated density (arrow), represent-
ing invasive ductal carcinoma (IDC), with occult sur-
rounding ductal carcinoma in situ (DCIS)
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B

FIGURE 6.3. Specimen radiograms of a right breast
without (A) and with (B) pathological findings

11. Digital radiography/mammography
machine.

12. Software to retrieve the digital radi-
ograms from the radiology/hospital
database.

13. Software to annotate the digital radio-
grams; to add pathology data to the
digital images. B

14. Software to return the annotated dig- FIGURE 6.4. Magnified radiograms of Figure 6.3 with

ital radiograms to the radiology/hospi- tiny microcalcifications (arrow), pointing towards a
tal database. part of an area of ductal carcinoma in situ (DCIS)
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METHODS

The following procedure of mastectomy
handling is partly based on the description
of Egan (1982).

Handling of the mastectomy specimen

1.

N B~ W

The excised simple mastectomy speci-
men should arrive at the pathology
department within 1h after removal to
prevent autolysis of the tissue.

. At the pathology department the whole

specimen is weighed and measured
immediately.

. The excised skin is measured.
. The fascia is inked with Indian ink.
. The specimen is inspected and pal-

pated for lesions. If a palpable lesion
is found, this lesion is cut from the
fascia side in medial-lateral direction.
If a solid lesion is found the lesion is
measured and the aspect of the lesion
is described. A tissue slice is taken
for direct formalin fixation and one
or more small tissue fragments of this
lesion are frozen in liquid nitrogen. If
the resection margins other than the
fascia are involved or suspected for
involvement these are also inked with
Indian ink.

. The artificial fascia defect is closed

with sutures.

. The lateral and medial parts of the skin

are marked with a waterproof felt pen
with a “L” and “M”, respectively.

. The mastectomy specimen is placed in

the refrigerator for overnight cooling
to stiffen the breast and fat tissue.

. The next morning the specimen is

palpated. If the tissue is stiff, the
specimen can be processed. If the tis-
sue is still soft, the specimen is put
in a freezer and turned up side down
every 15min and every time the issue

10.

1.

12.

13.

14.

15.

16.

17.
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is inspected. If the tissue is stiff it can
be processed further. Special attention
should be paid to prevent the tissue to
be frozen.

The breast specimen is sliced on a
meat slicing machine from cranial to
caudal in 5mm thick slices.

The slices are placed on old mammo-
grams or hard plastic pads in sequence
from cranial to caudal, as if looking at
the tissue from feet to head.

Digital radiograms of the slices are
made on a digital radiography/mam-
mography machine in sequence from
cranial to caudal and stored in the hos-
pital database.

The radiograms are retrieved from the
hospital database.

All radiograms are numbered in
sequence from cranial to caudal.

The radiograms are marked; cranial
and caudal are added to the first
and the last radiograms, respectively.
Lateral and medial is added to all
radiograms.

The tissue (breast, fascia, and skin) is
inspected and palpated and the find-
ings are correlated with the radiograms
and vice versa.

Tissue sampling is performed from
the nipple and the four quadrants and
areas which are aberrant in the breast
tissue, fascia, and skin (palpable
lesions, discolorations e.g. ochreous
colored fat tissue, point shaped necro-
sis), architectural tissue distortion,
densities, microcalcifications, retrac-
tion of the skin or fascia, thickened
skin or fascia), and (intramammary)
lymph nodes. The number of tissue
samples can vary considerably from
specimen to specimen depending on
the size and weight of the specimen,
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18.

19.

20.

21.

22.

23.

the amount of fibrose (which might
hamper the judgment of the radiograms
leading to more tissue samples), the
amount and distribution of microcal-
cifications, etc.

The total number of samples should be
~18 (range 7-39).

The tissue excisions are marked on the
digital radiograms.

The tissue excisions are processed to
paraffin blocks, and from the paraffin
blocks 4 micron thick slices are cut for
hematoxylin and eosin staining.

Inthe pathology report all aberrant find-
ings are described, with special atten-
tion to the premalignant lesions (ALH,
ADH, LCIS, and DCIS) and eventual
invasive carcinoma. If an invasive car-
cinoma is present, all relevant aspects
of the tumor are reported (e.g., tumor
type, tumor size, histological grade,
vessel invasion, skin invasion, invasion
of the fascia, estrogen receptor and
progesterone receptor status, HER-2/
neu status, surgical resection margins,
status of (intramammary) lymph nodes
and pTNM stage). If DCIS is present,
the type of DCIS, the histological
grade, the size of the lesion, and resec-
tion margins are reported.

Eventually, the histopathological find-
ings can be added to the digital speci-
men radiograms and these annotated
specimen radiograms can be returned
to the hospital database.

The pathological findings are pre-
sented in a multidisciplinary meet-
ing with pathologists, radiologists,
medical oncologists, radiotherapists,
and surgeons where the (annotated)
specimen radiograms are compared
with the preoperative radiological
examinations.
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CLASSIFICATION
OF PREMALIGNANT
LESIONS

Lobular carcinoma-in-situ (LCIS)

Lobular carcinoma-in-situ can be divided
in two main groups, classical LCIS, that
is most frequently found, and pleomor-
phic LCIS. Classical LCIS is defined as
a proliferation of small and often loosely
cohesive cells originating in the terminal
duct-lobular unit, with or without pagetoid
involvement of terminal ducts, and with
completely distended duct-lobular units.
The lobular architecture is maintained.
The cells are loosely cohesive and regu-
larly dispersed. The cells are monomor-
phic, small, round, polygonal, or cuboidal,
with a high nuclear-cytoplasmic ratio
and frequently intracytoplasmic lumina
(Tavassoli and Devilee, 2003) (Figure
6.5A). These cells are alsoreferred to as type
A cells (Simpson et al., 2003; Lakhani
et al., 2006). Pleomorphic LCIS has the
same architecture as the classical type of
LCIS, however, the cells show mild to
moderate enlarged and pleomorphic nuclei
with more abundant cytoplasm. These cells
are also referred to as type B cells (Simpson
et al., 2003; Lakhani et al., 2006).

Atypical lobular hyperplasia (ALH)

Atypical lobular hyperplasia is defined as a
proliferation of small and often loosely cohe-
sive cells originating in the terminal duct-lobu-
lar unit, with or without pagetoid involvement
of terminal ducts, but without completely
distended duct-lobular units (Tavassoli and
Devilee, 2003) (Figure 6.5B). The cells of
ALH are of type A cells as described under
classical LCIS (Simpson et al., 2003). The
cells of LCIS and ALH characteristically
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FIGURE 6.5. Premalignant high-risk lesions: lobular carcinoma in situ (A), atypical lobular hyperplasia
(B), E-cadherin immunohistochemistry (C), ductal carcinoma in situ; cribriform (D) and solid (E), and

atypical ductal hyperplasia (F)

lack expression of E-cadherin, an intercel-
lular adhesion molecule of epithelial cells
(Gamallo et al., 1993) (Figure 6.5C).

Ductal carcinoma in situ (DCIS)

Ductal carcinoma in situ is defined using
the classification of Holland er al. (1994),
which is based on cytonuclear and archi-

tectural differentiation. Three categories
are defined; well differentiated, interme-
diately, and poorly differentiated DCIS.
Well differentiated DCIS is composed of
cells with monomorphic, regularly spaced
nuclei containing fine chromatin, incon-
spicuous nucleoli, and few mitoses. The
cells show pronounced polarization with
orientation of their apical border towards
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intercellular spaces usually resulting in
rigid cribriform (Figure 6.5D), micro-
papillary, and clinging patterns, although
solid growth may also occur. Necrosis is
uncommon. Calcifications, when present,
are usually psammomatous.

Poorly differentiated DCIS is composed
of cells with very pleomorphic, irregularly
spaced nuclei, with coarse, clumped chroma-
tin, prominent nucleoli, and frequent mitoses.
Architectural differentiation is absent or
minimal. The growth pattern is solid or
pseudo-cribriform and pseudo-micropapil-
lary (without cellular polarization). Necrosis
is usually present. Calcifications, when
present, are usually amorphous.

Intermediately differentiated DCIS 1is
composed of cells showing some pleomor-
phism but not so marked as in the poorly
differentiated group, and mitosis is less
numerous as in the poorly differentiated
group. There is, however, always evidence
of polarization around intercellular spaces,
although this is not so pronounced as in the
well-differentiated group. Solid growth can
also be seen (Figure 6.5E). Necrosis can be
present. Calcifications, when present, can
be psammomatous and amorphous.

Atypical Ductal Hyperplasia (ADH)

Atypical ductal hyperplasia is used in the
spectrum of ductal hyperplasia, ADH, and
well differentiated DCIS, and is defined
as a lesion exhibiting some, but not all
features of well differentiated DCIS (Page
and Rogers, 1992; Pinder and Ellis, 2003).
ADH is formed by a uniform population
of small or medium-size, round, cuboidal,
or polygonal hyperchromatic cells, which
are regularly arranged. The nuclei are
evenly distributed and may form a rosette-
like pattern. Only single small nucleoli
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are seen. Mitoses, particularly abnormal
forms, is rarely found. Geometric spaces
are present and, in cribriform type, the cells
are arranged at right angles to the bridges
formed (Figure 6.5F). Rigid punched-out
lumina are not seen. Micropapillary ADH
is also recognized, and a solid pattern may
very rarely be seen. Small foci of necrosis
may rarely be identified in ADH, and do
not indicate that the process should be
classified as DCIS.

In case of doubt between classification
as ADH or DCIS, ADH is diagnosed.

RESULTS AND DISCUSSION

The prevalence of DCIS and LCIS lesions
reported in studies with women at high
genetic risk for breast cancer is higher than
that reported in the general population.
The reported prevalence of undiagnosed
DCIS in a review of autopsy studies, using
various techniques, of women with an age
range between 15-80 years is *9% (range
0-15%) (Welch and Black, 1997). For
LCIS this prevalence is less extensively
studied and reported to range between
~1-3% (Singletary, 1994).

Controversies exist regarding the role
of DCIS in both BRCAI and BRCA2
mutation carriers (Sun et al., 1996). From
our series we concluded that BRCAI and
BRCA2 mutation carriers are equally
prone to develop high-risk lesions in their
breasts, with 8% having occult DCIS
(Hoogerbrugge et al., 2006) (Table 6.1).
The data from recent studies among DCIS
patients show that the prevalence of BRCA
mutations among DCIS patients is similar
to that found in patients with invasive
breast cancer (Claus et al., 2005; Hwang
etal.,2007), suggesting that DCIS belongs
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TasLE 6.1. High risk epithelial lesions in various groups of patients with a prophylactic mastectomy
because of a clear autosomal dominant family history for breast cancer. (Hoogerbrugge et al., 2006).

BRCAI BRCA2 non-BRCA
N) (68) (14) (24)
Overall presence of high- 44% 36% 71%

risk lesions

ALH 26% 21% 67%
ADH 18% 14% 42%
LCIS 16% 7% 29%
DCIS 9% 7% 17%

to the spectrum of inherited breast cancer.
As a consequence, in family-histories,
DCIS can be considered as equal to the
breast-cancer affected status, when con-
sidering familial at-risk status for BRCA.
The natural course of LCIS is not entirely
clear. There is disagreement about whether
LCIS is a precursor of invasive disease or
merely a marker of subsequent invasive
carcinoma risk. In women diagnosed with
LCIS, =30% will develop an invasive car-
cinoma (Hutter, 1984), mostly of the duc-
tal type (Rosen et al., 1980). It seems that
LCIS is merely a risk-indicator for breast
cancer, not a true precursor for invasive
disease in most patients. This seems true
for breast cancer developing in BRCAI
mutation carriers, as ILC is less frequently
found in these patients than in sporadic
breast cancer patients (1-16% versus
5-25%, respectively). For BRCA2 muta-
tion carriers, however, this is less obvious,
as the frequency of ILC is the same as in
sporadic breast cancer patients (9-29%
and 5-25%, respectively) (Honrado et al.,
2006). So, at least a part of the invasive
breast carcinomas (mean ~15%) originates
from LCIS and LCIS is thus the precur-
sor of the invasive cancer. Atypical ductal
hyperplasia and ALH are also associated
with an increased risk of a subsequent
invasive carcinoma. The risk is =4-5 times

than that of the general population for both
ADH and ALH.

We found a high prevalence of high-
risk epithelial lesions in BRCA mutation
carriers and women at high genetic risk
tested negative for such a mutation (43%
and 71%, respectively). The prevalence
was highly correlated with age. Women
over 40 years of age had a higher preva-
lence of high-risk lesions than younger
women: 60% versus 38%, respectively
(Hoogerbrugge et al., 2006). This finding
is in concordance with the steep increase
of the risk of breast cancer after the age of
40 years with a cumulative risk of devel-
oping breast cancer before the age of 50
of 40-50% (Ford et al., 1998). These find-
ings strongly suggest that invasive breast
cancer in BRCA mutation carriers and in
women at high genetic risk who are tested
negative for such a mutation is preceded
by premalignant lesions as in sporadic
breast cancer.

In conclusion, extensive pathological
examination of a prophylactically removed
breast in BRCA mutation carriers and in
women at high genetic risk tested nega-
tive for such a mutation is necessary to
exclude an occult invasive carcinoma, and
may add plausibility to the concept of
breast cancer risk reduction by prophylac-
tic mastectomy when premalignant lesions
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are detected. Specimen radiography can be
very helpful for adequate sampling of the
specimen. Especially on high resolution
radiograms, lesions that are likely to be
missed by conventional examination, can
easily be detected. Nevertheless, a sub-
stantial number of premalignant high-risk
epithelial lesions can only be identified by
examination of “blind” tissue samples of
the breast specimen.
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Differentiation Between Benign

and Malignant Papillary Lesions

of Breast: Excisional Biopsy or Stereotactic
Vacuum-Assisted Biopsy (Methodology)

Alice P.Y. Tang, Gary M.K. Tse, and Wynnie W.M. Lam

INTRODUCTION

Diagnosis and management of papillary
lesions of the breast present a major chal-
lenge to the surgeons, radiologists, and
pathologists. Papillary lesions of the breast
occur in women of all ages with the major-
ity of papillary carcinoma found in the
fifth and sixth decades. Malignant papil-
lary lesions are relatively rare, but papil-
lary lesions as a group account for 1-4%
of all breast lesions undergoing breast
biopsy. The clinical presentation of papil-
lary lesions in the breast is variable, as it
may be asymptomatic or may present as
a palpable mass with or without nipple
discharge. The discharge may be serous,
serosanguinous, or bloody.
Microdochectomy, which causes mini-
mal morbidity, remains the mainstay of
treatment for benign papillary lesions. As
most of the papillary lesions arise from
the large ducts, excision in the form of
microdochectomy is adequate for benign
papilloma. In one large series reported

by Burton et al. (2003), 36 patients with
benign and malignant papillary lesions
(33 papillomas and three papillomas with
superimposed malignancy or atypical epi-
thelial hyperplasia) were disease free for
a significant follow up period after micro-
dochectomy. In the rare instance of papil-
lary carcinoma, which was reported to
range from 3% to 6% of all carcinomas,
appropriate oncological excision should
be pursued. It is, therefore, important to
differentiate benign from malignant papil-
lary lesions of the breast, so as to plan the
surgery accordingly.

RADIOLOGICAL APPEARANCE
OF PAPILLARY LESIONS
OF THE BREASTS

Radiologically, thelesioncanbe small and may
be mammographically and sonographically
occult (Figure 7.1). The overall sensitivity for
detection of papillary lesions on mammog-
raphy is quite low. Mammographically, they

73
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FIGURE 7.1. (A) Mammography of a 46 year old
women presented with bloody nipple discharge
shows no definite mass. Microcalcifications of
mild pleomorphism are identified. (B) Ultrasound
of the same patient shows a small lesion with
mixed cystic and solid component. Percutaneous
biopsy of the lesion shows papillary carcinoma
which is confirmed at surgery

may present as a mass with or without micro-
calcification, calcification alone, or archi-
tectural distortion. The margin of the mass
can be circumscribed, indistinct, obscured,
or even spiculated. Microcalcification can
be pleomorphic, amorphous or punctuate,
and the distribution can be clustered, linear,
segmental or regional. In patients presenting
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with nipple discharge, galactography will be
useful to confirm the intraductal location of
the lesion. Papillary lesions, whether benign
or malignant, may present as sessile polypoid
filling defects or complete obstruction of a
duct. Malignant intraductal papillary growth
may cause duct perforation with extravasa-
tion of contrast. Ductal ectasia might also
be demonstrated on galactography, though
ductal ectasia usually occurs late.

As compared to mammography, sonogra-
phy is more sensitive in detecting papillary
lesions. Three main types of intraductal
papillary lesions have been detected by
sonography. These include intraductal
mass with or without ductal dilatation,
intracystic mass and a predominantly solid
lesion when the mass totally fills the duct
and intraductal location of the lesion is
then difficult to be determined. Papillary
lesions are highly vascular tumors, and
on color doppler imaging, flow signal
representing the fibrovascular core can
be demonstrated (Figure 7.2). Though
commonly detected, the absence of the
color flow signal does not exclude papil-
lary lesion. Benign papillomas tend to
have single vessel while the presence of
multiple vessels may suggest a malignant
lesion. However, the presence or absence
of color flow signal and the number of
vessels detected are not sensitive or spe-
cific to differentiate benign from malig-
nant lesions. Both benign papillomas and
carcinomas may undergo hemorrhagic inf-
arction and no flow can then be demon-
strated. Most intracystic papillary lesions
appear echogenic and coarse in echo-texture.
In women of older age group, the presence
of a large solid component and evidence
of spontaneous intracystic bleed are more
suggestive of papillary carcinomas than
benign papillomas. Ultrasound might not
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FIGURE 7.2. Needle core biospy of a papillary
carcinoma showing elaborate fibrovascular cores
that are lined by neoplastic epithelial cells with
rather bland morphology and underrepresentation
of myoepithelial cells

be able to detect the presence of small
lesions, particularly when the ducts are
not dilated. Sometimes post galactography
ultrasound will detect small intraductal
growth not previously demonstrated in
simple sonography alone and is useful for
ultrasound guided biopsy of the suspicious
lesion.

Both mammographically and sono-
graphically, there is significant overlap
between benign and malignant papillary
lesions, and differentiation between them
is difficult. Imaging is neither sensitive
nor specific enough for making accurate
diagnosis. Lam et al. (2006) showed a
sensitivity of 61% and a specificity of
33% in diagnosing malignancy when the
authors analyzed both the mammography
and sonography findings of 65 papillary
lesions of the breast. Similar sensitivity
and specificity are reported by Puglisi et al.
(2003), who classified papillary lesions
according to their index of suspicion based
on imaging findings and correlated the

findings of surgical excision with the index
of suspicion. Four papillary lesions were
confirmed to be malignant out of a total
of 11 lesions in the low suspicion group,
giving a false-negative rate of 36%. Ten
lesions were confirmed to be malignant
out of 32 lesions in the moderate suspi-
cion group and five out of eight lesions in
the group with high suspicion index. It is
therefore a real challenge for the radiolo-
gists to differentiate benign from malig-
nant papillary lesions.

PATHOLOGICAL FINDINGS

Papillary lesions of the breast comprise
a wide spectrum of benign, atypical, and
malignant lesions whose hallmark is the
presence of papillary tufts composed only
of epithelium or true papillary structures
with fibrovascular support and epithe-
lium. The spectrum includes papilloma,
sclerosing papilloma, atypical papilloma,
carcinoma arising in a papilloma, intra-
ductal papillary carcinoma, and invasive
papillary carcinoma. Papillary lesions are
classified according to the cellular pattern
and the cytological features seen within
the papillary epithelial proliferation.

To differentiate benign from malignant
papillary lesion can sometimes be a chal-
lenge, even to the experienced patholo-
gists. Pathologically, papillary carcinoma
consists of complex papillary process that
often displays multi-layer epithelial pro-
liferations supported by a fibrovascular
stalk. The following criteria for diagnos-
ing of papillary carcinoma have been sug-
gested: the presence of hyperchromatic
nuclei, marked nuclear atypia, cribriform
pattern, absence of supporting stroma, and
a monotonous cell population. The cells
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resemble those of intermediate grade duc-
tal carcinoma in situ, solid or cribriform
type, and have a solid or cribriform archi-
tecture. Some lesions consist of sheets
of somewhat elongated, hyperchromatic
cells or multiple layers of elongated cells
covering the papillary fronds. Stromal
or vascular invasion indicates an infiltra-
tive component. In practice, many papil-
lary carcinomas appear deceptively benign
because of the absence of pleomorphism.
Moreover, benign papillomas and papil-
lary carcinoma may coexist in biopsy sam-
ples. The diagnosis of papillary carcinoma
arising from a papilloma is particularly
problematic. These lesions typically retain
areas of benign papilloma. It is the pres-
ence of cellular proliferation (which might
occur in small foci in these lesions) that
allows the diagnosis of carcinoma. The
presence of myoepithelial cells within a
papillary lesion may be helpful for making
diagnosis. Tse et al. (2006) reported that
unlike invasive ductal carcinoma, papil-
lary ductal carcinoma in sifu may show an
attenuated layer rather than total absence
of myoepithelial cells. Thus, it is prudent
to note that the presence of this layer
does not preclude malignancy, whereas
its absence is highly suggestive of malig-
nancy. The use of the atypical category,
including the terminology of ‘atypical
papilloma’, ‘papilloma with atypical duct
hyperplasia’ in the diagnostic paradigm
reflects the difficulty in the differentiation.
In the pathology literature, the approach to
increase the diagnostic accuracy has been
a subject of investigation.

To date, most authors recommend the
use of immunohistochemistry, available in
most diagnostic laboratories, as a useful
adjunct to assist differentiation between
benign and malignant papillary lesions.
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The most commonly recommended mark-
ers are myoepithelial markers and epithe-
lial markers. The use of the former is based
on the premise that in papillary ductal
carcinoma in situ, myoepithelial cells may
either be absent or present in diminished
number, and staining for myoepithelial
cells can be useful. In addition, staining
for high molecular weight cytokeratin has
also been reported to be useful to allow for
correct differentiation between benign and
malignant papillary lesions. High molecu-
lar weight cytokeratin is expressed in the
benign or hyperplastic epithelium in the
benign papilloma, but not in the neoplastic
epithelium of the papillary ductal carci-
noma in situ. CD44, an adhesion molecule
involved in lymphocyte homing, has also
been reported by Tse et al. (2005) to be
useful.

ASSOCIATION OF PAPILLARY
LESIONS WITH DUCTAL
CARCINOMA

To make the pathologists’ life even more
difficult, both papillary carcinomas and
benign papillomas have been reported to
be associated with ductal carcinoma of the
breasts. Additional ductal carcinoma
in situ (DCIS) can be associated with
papillary carcinoma at the same quadrant,
or it can be found in a different quadrant
at the time of mastectomy. There is evi-
dence that incidence of recurrence is tied
to the presence of DCIS in adjacent ducts.
Therefore, thorough examination of the
surrounding breast tissue is important.
Stout (1954) studied benign intraductal
papillomas from 125 patients treated in
New York Hospital. Carcinoma was subse-
quently detected in the ipsilateral breast of
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7 patients, typically in close proximity to
the papilloma diagnosed previously. Ciatto
et al. (1991) followed up 339 women with
benign intraductal papillomas of the breast
for an average of 6.6 years and suggested
that intraductal papilloma was a precancer-
ous lesion which might slowly progress
into cancer. More recent data proposes that
there is an increased risk of subsequent
malignancy when proliferative epithelial
changes are present. The risk of develop-
ment of subsequent cancer is up to double
for women with papillomas as compared
with the general female population without
papillomas. A slightly increased cancer
risk, up to two-folds has also been reported
in patients with proliferative breast disease.
Other authors found that atypical hyperpla-
sia was the most important factor predicting
malignancy. The relative risk of malignancy
among patients with papilloma contain-
ing atypical hyperplasia has been reported
to be 7.5 times higher than those with
papilloma without atypia. Other authors
reported that the most important predictor
was the number of papillomas. Solitary,
central papillomas were not associated with
a significantly increased risk of subsequent
development of invasive breast carcinoma,
whereas a significant increase in risk was
found in patients with multiple papillomas.
According to these studies, the necessity of
follow up for patients with papillary lesions
of the breasts is therefore obvious.

FINE NEEDLE ASPIRATION

Pathological assessment of papillary
lesions of the breast includes cytology
assessment i.e., fine needle aspiration
and nipple discharge cytology, stereotac-
tic directed biopsy, and excision. The

value of fine needle aspiration cytology
in the assessment of papillary lesions
of the breast remains unclear. In the lit-
erature, the results of various reports vary
significantly. Gendler et al. (2004) ana-
lyzed 153 (2%) papillary lesions out of
9,310 image-guided biopsies or image
guided aspirates performed. Eighty-seven
patients underwent subsequent excision
biopsy. Fifty-three (61%) underwent fine
needle aspiration with 22-gauge needle.
Thirty-four patients (39%) underwent core
biopsies with 11 gauge vacuum-assisted
biopsies or 14-gauge automated gun. For
11-gauge vacuum-assisted biopsy, 5-15
core biopsy specimens were obtained for
each lesion. Thirteen out of 53 (25%)
aspirates originally diagnosed as papillary
lesion had breast cancer or atypical ductal
hyperplasia. Eighteen of 34 core needle
biopsies (53%) specimen diagnosed as
papillary lesions subsequently had breast
cancer or atypical ductal hyperplasia on
excision biopsy. From the results, the
diagnostic accuracy of an image-guided
biopsy was not improved by use of large-
core needle biopsy compared with fine
needle aspiration. Despite the encouraging
results of fine needle aspirates in a few
reports, in general, the diagnoses of papil-
lary lesions (papilloma or papillary carci-
noma) are usually made with less degree
of certainty than most other breast lesions.
In one such study reported by Ariga et al.
(2002), the patients were stratified accord-
ing to age. In the younger age group with
> 200 patients (40 years or younger), two
papillomas were diagnosed cytologically
as suspicious. One atypical papilloma was
diagnosed cytologically as malignant, and
this was a false-positive. In the older age
group with > 900 patients (41 years or
older), four papillomas were diagnosed
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cytologically as suspicious and one atypi-
cal papilloma was diagnosed cytologi-
cally as malignant. The malignant case
was also a false-positive. This study fully
illustrates the difficulty in establishing the
diagnosis of papillary lesion, and more
so in the differentiation of benign and
malignant papillary lesions in fine needle
aspirates. In one series reported by Saad
et al. (2006), all six such cases reported
as malignant at fine needle aspirates were
subsequently found to represent false-
positives. Much has been written about the
cytological criteria, and Mosunjac et al.
(2000) suggested that immunohistochemi-
cal staining with myoepithelial marker
calponin in the cell block material might
be useful. So far the result is still far from
definite, and papillary lesions still account
for significant inaccuracies in fine needle
aspirate cytology. This is particularly so
for variant papillary lesions such as scle-
rosing papillary lesions. In addition to fine
needle aspirates, another less commonly
used cytological approach, namely nip-
ple discharge cytology, has been recently
reported to be as specific but less sensitive
in diagnosing papilloma.

CORE NEEDLE BIOPSY

Although surgical excision is still consid-
ered as the gold standard for diagnosis,
needle biopsy has its own distinct advan-
tages. Needle biopsies are usually less
invasive. The procedure can be performed
in shorter period of time and at a lower
cost. With the introduction of core needle
biopsy since 1980, many centers have
replaced fine needle aspiration with core
needle biopsy. In general, both stereotactic
core needle biopsy and ultrasound guided
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core biopsy have been reported to have
very good accuracy for diagnosis of all
breast lesions. However, when one exam-
ines the assessment of papillary lesions at
core biopsy, the accuracy is less consistent
as compared to other breast lesions.

Valdes et al. (2006) reviewed 120 biop-
sies samples from 109 patients with pap-
illary lesions identified at image-guided
biopsy. Surgical excision of 80 lesions
was available for correlation. Out of these
80 papillary lesions, 33 lesions had biopsy
performed with an 11-gauge vacuum-
assisted device; 17 with 14-gauge needle
and 30 had aspirates collected with a 20- or
22-gauge needle. The original diagnoses of
aspirates or core needle biopsy included
36 papilloma or papillomatosis, 28 papil-
lary lesions, nine papillary lesions with
atypia and seven lesions with atypical
papillomatosis or papilloma with atypi-
cal ductal hyperplasia. Malignancy was
found in 6 (17%) of the papilloma or
papillomatosis, 9 (32%) of the papillary
lesions, two (22%) of papillary lesions
with atypia and 2 (29%) of the papillo-
matosis or papillomas with atypical duct
hyperplasia. Malignancies was found in 4
(12%) out of 33 stereotactic biopsy pap-
illary lesions, six (35%) of 17 core biopsy
papillary lesions and 9 (30%) of 30 fine-
needle biopsy papillary lesions. Therefore,
malignancy was missed significantly less
frequently with stereotactic 11-gauge
vacuum-assisted biopsy. It is also impor-
tant to note that in this study, 15 out of
64 papillary lesions without atypia were
found to be associated with malignancy at
surgical excision.

Masood et al. (2003) correlated surgical
result with fine needle aspiration and core
needle biopsy in the diagnosis of papil-
lary lesions. A total of 36 papillary lesions
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were analyzed. Out of the 36 fine needle
aspirates, 21 aspirates were diagnosed as
benign, ten as atypical and five as malig-
nant. When the diagnoses of fine needle
aspirates were compared with surgical his-
tology, invasive papillary carcinoma was
diagnosed in 4 out of 5 cases diagnosed
cytologically as malignant. The other case
was a micropapillary ductal carcinoma
in situ. Of the ten cases diagnosed as
atypical, surgical excision showed invasive
carcinoma in three. Of the 21 benign aspi-
rates, micropapillary DCIS was diagnosed
in three cases ultimately. Eleven cases of
core needle biopsy were also evaluated,
including a total of four atypical papil-
lary lesions, one papillary carcinoma and
six benign papillomas. Surgical evalua-
tion showed three additional malignancies.
One lesion with original diagnosis of intra-
ductal papilloma was upgraded to DCIS.
Two other lesions had original diagnoses
of atypical papilloma, one lesion was
upgraded to invasive carcinoma and the
other one was upgraded to micropapillary
ductal carcinoma in situ. In this study, the
authors concluded that the overall diag-
nostic accuracy of fine needle aspiration
in distinguishing between benign versus
malignant papillary lesion was superior to
the core needle biopsy.

Apart from false-negative diagnosis,
false-positives for core biopsies have
also been found. One false-positive was
reported by Rosen et al. (2002), in which
one lesion that was labeled as papillary
carcinoma on core biopsy was subse-
quently diagnosed to be benign papilloma
at excision. The accuracy of needle core
biopsy can be improved by ancillary tests,
particularly immunohistochemical stain-
ing techniques. Tse et al. (2005) reported
that the needle core biopsy have the ability

to pick up foci of atypical epithelial prolif-
eration in cases of carcinoma.

CURRENT ROLE
OF EXCISIONAL BIOPSY

The indications for excisional biopsy
differ in different centers. In view of
the difficulty in differentiating benign
and malignant papillary lesions based on
core needle biopsy, some centers advo-
cate that excisional biopsy should be
performed once the biopsy yield papil-
lary lesion. Other authors such as Ivan
et al. (2004) advocate that excisional
biopsy should only be performed when
the needle biopsy yield papillary lesion
with atypical ductal hyperplasia. Lesions
yielding benign papilloma can be man-
aged conservatively with clinical follow
up and radiological follow up. Some
centers manage the patients by a com-
bined clinical, radiological, and patho-
logical approach. Any patients with core
biopsy yielding papillary lesion of the
breast will have the core biopsy and the
imaging findings reviewed. Experienced
radiologists will review all mammogra-
phy and ultrasound findings. The lesions
detected will be categorized according
to BI-RADS criteria. For the group of
patients with concordant benign imaging
and pathological findings, patients will
be clinically monitored and followed up
with imaging. For patients with concord-
ant malignant imaging and pathological
findings, surgical intervention will be
planned accordingly. For patients with
discordant imaging and pathological find-
ings, surgical biopsy will be performed
and the disease management will then be
planned accordingly.
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DIFFICULTY IN
PATHOLOGICAL
DIFFERENTIATION
BETWEEN MALIGNANT
AND BENIGN LESIONS
AFTER NEEDLE BIOPSY

After needle biopsy and localization, nor-
mal anatomy of the duct wall might be dis-
rupted and dislodgement of the tumor cells
into the surrounding stroma mimicking an
invasive carcinoma is a concern. This is
particularly a problem when the papillary
lesion is malignant and the needle tract is
not readily apparent in the specimen. The
tumor cells in these settings often appear
to be loosely floating in the stroma, par-
ticularly if the excision biopsy has been
performed shortly after the needle insult.
The presence of recent or old hemorrhage
associated with reactive changes and the
absence of a classic pattern of invasion
will create difficulty in diagnosis.

VACUUM-ASSISTED BIOPSY

To minimize the risk of under-sampling,
vacuum-assisted biopsy probes have
gained an additional significant role in
breast imaging. Directional vacuum-
assisted biopsy instrument is a special
device, using vacuum to pull tissue into
the probe and removing the specimen
without withdrawing the probe each time.
It permits directional, contiguous tissue
acquisition. The vacuum-assisted biopsy
can be performed under either stereotactic
guidance or sonographic guidance. The
mode of imaging guidance depends on the
type of lesions. For most masses, biopsy is
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performed under ultrasound guidance. For
most microcalcification and asymmetri-
cal density, biopsy is usually done under
stereotactic guidance.

TECHNIQUE
OF STEREOTACTIC
VACUUM-ASSISTED BIOPSY

In stereotactic guided biopsy, the patient is
instructed to lie on the probe table device.
As standard stereotactic localization, a
scout and two stereotactic scout views are
obtained. The lesion is then targeted. It is
best to target at the anterior or posterior
aspect of the lesion so that the probe will
not obscure the lesion.

Skin is liberally infused with local
anesthetic. As recommended by Parker
and Klaus (1997), 1% lignocaine mixed
with small amount of 8.4% sodium
bicarbonate solution in a ratio of 1:9 is
used for skin infusion. Sodium bicarbo-
nate is added to neutralize the relative
acidic lignocaine and it helps to decrease
the stingy sensation. For deep infusion,
mixture of 1% lignocaine with epine-
phrine (1:100,000) is used to decrease
blood loss.

A vertical incision of ~5mm is made
on the skin. The probe is inserted and
advanced manually through the aperture in
the 12 o’clock position. For biopsy of cal-
cification cluster, slight change in position
of calcification may occur after infusion of
anesthetics. This is not a problem in prac-
tice as most calcifications still lie within
the accessibility of the probe.

The probe is then fired to the designated
depth. A single set of stereotactic position-
ing view is obtained to confirm the correct
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positioning of the probe. For thin breast
or superficial lesion, the proximal part of
the probe aperture may reside outside the
breast, resulting in failure of the vacuum
suction. Under these circumstances, injec-
tion of a large amount of 1% lignocaine
into the dermis and subcutaneous layer
will help to increase the depth of the
compressed breast at the skin entry point.
Alternatively, the radiologists can use a
short 25-gauge needle as a hook to pull the
skin to cover the aperture to ensure good
suction force. Tissue is obtained in incre-
ments of 45 degrees to achieve contiguous
sampling. Direction of sampling depends
on the relative position of the probe to the
lesion. Multiple samples are obtained, an
average of 15 contiguous samples are gen-
erally obtained with 11-gauge probe. After
tissue sampling, the probe is rotated around
the biopsy cavity with vacuum applied and
aperture opened. This helps to remove any
residual blood or anesthetic; thus, leaving a
clean, air-filled cavity. A pair of stereotac-
tic view 1s then taken, with the probe stayed
in place, for the assessment of adequacy of
removal of the targeted lesion.

If the post-biopsy stereotactic view
shows near or total lesion removal, a per-
cutaneous clip will then be placed to mark
the site. This will facilitate post-biopsy
localization or therapeutic lumpectomy, if
the lesion is proved to be cancerous. It also
helps for surveillance of the exact position
of previous biopsy. The clips are available
in titanium and stainless steel. Clips of
stainless steel are preferred in some cent-
ers, as they are available at a cheaper cost.
Both types of clip do not create significant
problem for magnetic resonance imaging.
Only a small signal void focus is identified
at the site of the stainless steel clip.

TECHNIQUE OF ULTRASOUND-
GUIDED VACUUM-ASSISTED
BIOPSY

Patient lies supine on the ultrasound
couch with the skin prepared in the
usual fashion. The skin is anesthetized
with 1% lignocaine mixed with bicar-
bonate. With a 20-gauge spinal nee-
dle, ~15-20ml 1% lignocaine with
1/100,000 epinephrine is then injected
along the proposed course of the vac-
uum-assisted biopsy probe. The injec-
tion is targeted at the inferior aspect of
the targeted lesion, as this will help to
lift up the lesion for subsequent probe
insertion. A 4 mm incision is made with
a scalpel. The probe, preferably attached
to an articulating arm, is inserted under
continuous sonographic guidance. The
probe is best positioned posterior to the
lesion so as not to obscure the lesion.
Continuous monitoring of the lesion sam-
pling progress in real time is, therefore,
possible. The aperture can be clearly
delineated and its position is marked
by the discontinuity of the anterior wall
of the probe and the ring down artifact
of the vacuum holes on the opposite
site of the aperture. Tissue samples are
acquired between 9 and 3 o’clock posi-
tion, traveling through the 12 o’clock
position, under continuous sonographic
guidance. If the lesion is superficially
located, a generous lignocaine injection
is given between the lesion and skin
surface, to serve as a safety cushion and
to minimize the chance of injury of the
skin. If the lesion involves the nipple or
nipple areolar complex, biopsy might
be taken from the side or above to avoid
skin transgression.
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ADVANTAGES
OF DIRECTIONAL
VACUUM-ASSISTED DEVICE

There are multiple factors accounting for
improved performance of the directional
vacuum-assisted device as compared with
the conventional automated gun biopsy
needle. These factors include the ease
of obtaining a larger number of speci-
mens, greater average specimen weights, a
higher percentage of breast tissue (versus
blood clot) per specimen, and contiguous
(or nearly contiguous) breast tissue acqui-
sition.

An increase in the number of specimens
might improve the diagnosis. Lomoschitz
et al. (2004) found that highest diagnostic
yield was achieved when 12 specimens
per lesion were obtained, yielding a cor-
rect diagnosis in 96% of mass lesions and
92% of microcalcifications. According to
their findings, further increasing specimen
acquisition did not improve the diagnostic
yield. Jackman et al. (2001) evaluated
> 1,200 lesions and found that in the eval-
uation of DCIS, the chance of missing the
diagnosis would be 17.5% if only ten or
less specimens were obtained with a vac-
uum-assisted biopsy device. The missing
rate would then decrease to 11.5% when
> ten specimens per lesion were obtained.
A large number of specimens per lesion
are therefore obtained for every single
vacuum-assisted biopsy. During the pro-
cedure, the vacuum-assisted biopsy needle
is simply inserted into the site of interest.
Through rotation of the biopsy knob, mul-
tiple tissue samplings can then be obtained
with a single needle puncture. Suction helps
to pull tissue towards the biopsy cub, the
pinpoint accuracy for targeting the biopsy
needle at the lesion is therefore not neces-
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sary. It is therefore much easier for the
operator to acquire the skill as compared
to operating an automated biopsy gun. The
sampling time by vacuum-assisted biopsy
is also much shorter. Parker et al. (1996)
found a tissue harvesting rate of 14 speci-
mens per minute with vacuum-assisted
biopsy. An average of 26.5 specimens per
lesion could be obtained in short period of
time. On the other hand, it took an average
of 17min for five specimens per lesion
when automated needle device was used,
giving a tissue harvesting rate of only 0.3
specimens per minute.

The total volume of tissue harvested
depends on the total number of specimen
obtained and the average weight of each
specimen. The utilization of larger cal-
iber needles such as 8-gauge or 11-gauge
needle allows harvest of specimen with
greater average weight and length. Berg
et al. (1997) evaluated 14- and 11-gauge
directional vacuum-assisted biopsy probes
and 14-gauge biopsy guns with a fresh tur-
key breast parenchyma model. They dem-
onstrated that directional, vacuum-assisted
biopsy yielded bigger tissue specimens,
up to 36.8mg per core specimen for the
14-gauge and 94.4mg per core specimen
for the 11-gauge probe, as compared with
14-gauge handheld device with maximum
yield of 17.7mg per core specimen. The
specimen length using directional, vacuum-
assisted biopsy of 14-gauge was 20.7 mm
+/— 3.0mm, with a mean diameter of
1.9 mm. The corresponding measurements
of the specimen yielded by an 11-gauge
were 26.9 +/— 7.1 mm and 2.6 mm respec-
tively. With a 14-gauge biopsy gun, the
length of the specimens was 6.2—10.1 mm,
with a diameter of 1.5-1.9 mm. The speci-
men lengths were directly correlated to
the specimen weights. Specimens obtained
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with the directional, vacuum-assisted
biopsy probe averaged more than twice
as long as those obtained with any of the
handheld devices.

Moreover, bleeding is effectively con-
trolled during the procedure. One percent
lignocaine with epinephrine is commonly
administered through the probe intermit-
tently during the procedure to reduce
bleeding. Blood is sucked out with the
probe and therefore there is no accumula-
tion of blood at the biopsy site. Vacuum-
assisted biopsy specimens are nearly free
of blood. Under microscopic observation,
blood composed < 14% of the directional
vacuum-assisted biopsy specimens, and
pathologists could evaluate more tissue
from each specimen.

To summarize, vacuum-assisted biopsy
provides a much larger tissue volume,
which might allow the pathologists to have
better assessment of the lesion. As com-
pared to needle biopsy, a lower frequency
of imaging-histological discordance will be
expected. As reported by Riedl ez al. (2005),
the chance of missing DCIS and atypical
ductal hyperplasia was significantly lower
as compared with needle sampling; similar
findings were also observed by many other
authors. Philpotts et al. (2000) found that
the mammography pathological discrep-
ancy was only 0.85% when mammotome
technique was used for obtaining biopsy
whereas the incidence was up to 3.4%
when automated biopsy gun was used.
Liberman et al. (1998) reported successful
calcification retrieval in 95% of cases with
the 11 gauge mammotome. A much lower
frequency of underestimation of diagnosis
of atypical ductal hyperplasia and DCIS
was found. Pfarl et al. (2002) found a false-
negative rate of 3.5% only when calcified
lesions were evaluated and a false-negative

rate of 3.0% only was found for malignant
mass when biopsy were performed by vac-
uume-assisted device. Burbank (1997) also
confirmed the superiority of the vacuum-
assisted biopsy in the assessment of breast
lesions.

Vacuum-assisted biopsy specimens can
be obtained contiguously (or nearly so).
Henceforth, for small lesions, vacuum-
assisted biopsy is more than just tissue
sampling, it can also be used to achieve
radiological excision of the lesions.
Complete removal is usually practical
in small lesions < 1cm and only partial
removal of lesion is achieved with lesions
> 12mm in maximum diameter. The
incidence of complete removal of lesion
depends on the size of the lesion, the
size of the needle used and when a large
number of specimens are taken Jackman
et al. (1998) reported higher incidence of
complete removal of the mammographic
lesion when mammotome instead of auto-
mated biopsy gun was used. Calcified
lesions were removed completely in 7%,
26% and 69% of cases when 14-guage
automated biopsy gun, 14-gauge mam-
motome and 11-gauge mammotome were
employed, respectively. Burbank et al.
(1996) reported 48% complete excision of
lesion when the average diameter of the
lesion was 9mm. Liberman et al. (1997)
reported complete removal of 11 (58%)
out of 19 lesions with maximum diameter
of 5mm or smaller.

Similarly, complete removal of cluster
of microcalcifications can be achieved by
vacuum-assisted biopsy. The incidence
of complete excision depends on the size
of the needle used, the number of the
specimen taken, and the maximum span
of the microcalcifications. With a cluster
of microcalcification no > 5mm in span;
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complete excision can be achieved in 79%
of biopsy.

There are other advantages of using vac-
uum-assisted biopsy device. The target area
can be imaged immediately after the proce-
dure; thus, adequacy of the biopsy can be
ensured. A clip can be placed at the biopsy
site to mark the area, helping the surgeons
for surgical planning if subsequent wire
localization excision is necessary. Vacuum-
assisted biopsy also allows easier targeting
and biopsy at smaller cluster of microcal-
cifications. Meyer et al. (1999) reported a
minimum diameter of microcalcification
cluster of 5Smm was required if automated
gun biopsy was used. When mammotome
was used, a minimum diameter of 3mm
would be practically feasible. With vacuum-
assisted biopsy, earlier cancer detection and
removal of the lesion might therefore be
possible. Moreover, with vacuum-assisted
biopsy device, only single needle puncture
is required. There is less anatomical disrup-
tion and less epithelial displacement during
breast needling procedures performed by
vacuum-assisted device, rendering diagno-
sis by pathologists less difficult.

Patients with papillary lesions of the
breast require close monitoring due to
higher chance of subsequent malignancy.
Follow up mammography and ultrasound
would be difficult if biopsy causes signifi-
cant scarring and anatomical distortion.
Huber et al. (2003) reported little mam-
mographical or sonographical alteration of
the breast when biopsy was performed by
vacuum-assisted device. In this study, only
one out of 91 patients showed an area of
increased focal density in mammography
at 6-month follow up after biopsy per-
formed with vacuum-assisted biopsy.

The incidence of re-biopsy is also lower
when mammotome is compared with auto-
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mated biopsy gun. Philpotts et al. (2000)
found a re-biopsy (excision) rate of 9%
after 11-gauge mammotome biopsy com-
pared with 14.9% after 14-gauge auto-
mated gun biopsy. They found significantly
fewer cases of insufficient sampling and
therefore re-biopsy was less frequently
required. This is definitely a significant
advantage of vacuum-assisted biopsy as
most patients would be very reluctant to
go through the same procedure again.

With larger volume of tissue removed
and complete radiological excision of the
intraductal lesion, biopsy with vacuum-
assisted device might achieve sympto-
matic relief, similar to microdochectomy.
Dennis et al. (2000) reported alleviation
of symptomatic nipple discharge in the
majority of the patients with intraductal
papillomas when vacuum-assisted biopsy
was used. The incidence of symptomatic
relief would again depend on the size of
the lesion, the number of specimens taken
and size of the needle used.

COMPLICATIONS OF
VACUUM-ASSISTED BIOPSY

Complications of stereotactic vacuum-
assisted breast biopsy are relatively
uncommon. Major complications are
those expected for any needling proce-
dure, including bleeding, wound bruis-
ing, vasovagal reaction. With the use
of a relatively large needle, post-biopsy
site often shows various degrees of
hematoma and ecchymosis. Significant
ecchymosis (defined as the maxi-
mum diameter of ecchymosis greater
than 5cm) was encountered in 4.3% of
patients. As reported by Dennis et al.
(2000), although clinically it might
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be alarming to the patient, significant
ecchymosis was usually self limiting and
required no intervention. In less than 1%
of the patients, development of signifi-
cant hematoma caused a delay in operat-
ing time. Yet, most of the hematoma in
patients suffering from this complication
will resolve gradually and the majority
of these patients do not require surgical
evacuation of the hematoma. Post-biopsy
discomfort occurs in 5.4% of the patients,
prescription of anti-inflammatory analgesic
is not usually required. Wound infection
is infrequently encountered, in < 0.1% of
the patients and usually these patients do
not require antibiotic treatment.

CURRENT EXPERIENCE OF
VACUUM-ASSISTED BIOPSY
AND PERCUTANEOUS
CORE BIOPSY IN THE
MANAGEMENT OF
PAPILLARY LESIONS

In the past most percutaneous needle
biopsy diagnosis refers to tissue biopsy
obtained by percutaneous automated gun.
With the advantages of vacuum-assisted
biopsy device, more and more centers are
now taking breast biopsy with vacuum-
assisted biopsy device. Recent data shows
the superiority of vacuum-assisted biopsy
over automated gun biopsy in assessment
of other breast lesions such as ductal
carcinoma and carcinoma in situ. In prin-
ciple, one would expect better diagnosis
of papillary lesions by vacuum-assisted
biopsy device as compared to automated
gun needles. With significantly increase in
number of tissue cores and tissue weight
yielded by vacuum-assisted biopsy nee-

dles; one would expect a smaller chance of
missing small foci of papillary carcinoma.
With almost complete removal of small
lesions, pathologists should be more con-
fident in diagnosis of invasiveness of pap-
illary carcinoma. Excision biopsy might
therefore be replaced by vacuum-assisted
biopsy. Such hypothesis, however, has
not been supported by literature due to
the relative low incidence of papillary
lesions of the breast. When one reviews
the current literature, one would realize
that most studies are retrospective review
of breast biopsies performed in a certain
period of time. In most studies, up to a few
thousands of breast biopsies are reviewed.
Take Liberman et al. (2006)’s study as an
example, up to 3,864 breast biopsies are
reviewed. The yield of papillary lesions,
however, is often low, accounting for only
1.9-4% of all breast biopsies. The number
of papillary lesions for analysis is there-
fore small. Studies such as those reported
by Liberman et al. (1999), loffe et al.
(2000), Mercado et al. (2001), Philpotts
et al. (2000), Rosen et al. (2002), Agoff
and Lawton (2004), Ivan et al. (2004),
Gendler et al. (2004), Sydnor et al. (2006),
Liberman et al. (2006) and Valdes et al.
(2006) are considered as large series on
the topic of papillary lesions of the breasts.
In these studies, reported number of papil-
lary lesions range from 23 to 87. In many
other studies, only a few papillary lesions
are included in the analysis. With these
figures in mind, it is therefore not difficult
to understand why most authors tend to
report the overall accuracy of diagnosis
of percutaneous biopsy, taking both auto-
mated guns and vacuum-assisted device
as one homogenous entity. It is also very
understandable why most authors do not
give detail analysis of the false-negative,
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false positive and accuracy of individual
type of biopsy needle as the very small
number does not carry much statistical
significance.

Hopefully, one might get the necessary
information from individual study and
combining the results of all these large and
small series, one might then be able to draw
some useful conclusion about the accuracy
of different needles. Disappointingly, one
would find many authors have adopted a
combined approach and have reported the
overall accuracy of diagnosis of papillary
lesion by both automated gun needle and
vacuum-assisted biopsy device. In the
study by Sydnor et al. (2006), a total of
63 papillary lesions were diagnosed by
needle biopsies. Out of these 63 lesions,
15 lesions had biopsy performed with a
14 gauge core needle and the remaining
48 lesions had biopsy performed with
vacuum-assisted device. They reported
an overall 3% risk of missing a malig-
nant process in benign papilloma, without
detail breakdown of the missing rate of
individual type of needle. Similarly, in
the study by Agoff and Lawton (2004)
the needle biopsy results of 51 papillary
lesions were reported, with the biopsy
performed by both vacuum-assisted and
non-vacuum-assisted biopsy needles. The
number of biopsy performed by different
types of biopsy needles were not specified
in the article. Data presented in the article
is often incomplete and from the figures
provided, one cannot dig out the number
of lesions diagnosed or missed by indi-
vidual type of needles. Only a few studies
have specified the needles used in each
lesion and unfortunately most of these
studies consist of small number of papil-
lary lesions, and even smaller number of
malignant papillary lesions. This explains
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the difficulty in assessment of accuracy
in differentiation of benign and malignant
papillary lesions.

When one reviews the literature on
papillary lesions of the breast, it is also
important to understand that in many
studies, only a portion of the lesions
have surgical excision for correlation.
Most papillary lesions of the breast are
benign at biopsy and surgical excision
is very often performed only when there
are discordant imaging findings or due
to patients’ request. Most of the authors
would therefore take no interval change
in long term mammography follow up as
signs of benignity. In most of these studies,
these benign papillary lesions diagnosed at
biopsy very often have imaging follow up
for a period of 14 months to 2 years. As
discussed before, Ciatto ef al. (1991) sug-
gest that intraductal papilloma might be a
precancerous lesion which slowly progress
into cancer. In their study, the patients had
an average follow up of 6.6 years. If the
results by Ciatto et al. (1991) are taken into
consideration, one might then challenge
whether no interval change in 14 month
or even 2 years mammographic follow up
is sufficient to be considered as signs of
benignity. One should therefore note that
the false positive, false-negative rates and
the accuracy quoted in most studies have
their own practical limitations and con-
straints. These issues can be well demon-
strated when one takes a close look at any
of the large series on this topic. For exam-
ple, Rosen et al. (2002) concluded in their
study that papillary lesion could be safely
managed with imaging follow up when
benign pathology was yielded at biopsy.
They drew the conclusion based on the fol-
lowing findings. They had reviewed a total
of 1,374 patients with large-core needle



7. Differentiation Between Benign and Malignant Papillary Lesions of Breast 87

breast biopsy. Fifty-seven papillary lesions
were identified (4%), of which 46 papillary
lesions were analyzed. Surgical excision
was performed in 17 lesions, including
four benign papillary lesions, ten atypical
papillary lesions and three malignant pap-
illary lesion diagnosed at core biopsy. For
three carcinoma diagnosed by core biopsy,
surgical excision showed papillary carci-
noma in situ with no evidence of invasion
in two lesions. There was one false posi-
tive, of which original diagnosis at core
biopsy was invasive ductal carcinoma. The
lesion was subsequently diagnosed to be
benign papilloma with extensive adjacent
apocrine metaplasia. Of the ten lesions
with cellular atypia diagnosed either in or
adjacent to the papillary lesion undergo-
ing surgical excision, three out of the ten
lesions (30%) were upgraded to papil-
lary carcinoma in situ. Out of these three
lesions, two had the original diagnosis of
atypical ductal hyperplasia and the other
one was an atypical papilloma. Another
one lesion had original diagnosis of benign
papilloma with atypical papilloma demon-
strated at excision. Imaging follow up was
performed in the remaining 29 lesions. All
lesions were stable or had decreased in
size on follow up. The negative predictive
value for core needle biopsy for excluding
malignancy was therefore calculated to be
93% in this series.

Many other authors also believe that
core needle biopsy is accurate for exclud-
ing malignancy of papillary lesions of the
breast. In the study reported by Agoff and
Lawton (2004), a total of 25 benign papil-
lary lesions and 26 papillary lesions with
atypical ductal hyperplasia were retrieved.
Out of these 25 benign papillary lesions,
11 had surgical excision. No discordant
findings of excision biopsy and core biopsy

were found in these 11 lesions. The authors
therefore concluded that core needle biopsy
was an effective and accurate way to evalu-
ate papillary lesion of the breasts.

Some authors have emphasized the sig-
nificance of imaging histologic concord-
ance. In Liberman et al. (1999)’s study,
they identified a total of 34 papillary
lesions, accounting for 3% of all biopsies.
Out of the 34 papillary lesions, two papillo-
matosis were found at core needle biopsy,
one lesion showed mammographic histo-
logic discordance with a spiculated mass
demonstrated on mammography. Surgical
biopsy revealed a radial sclerosing lesion
and ductal carcinoma in sifu. The authors
therefore concluded that diagnosis by per-
cutaneous core biopsy of benign papillary
lesions was accurate when concordant with
imaging findings. They also suggested that
surgical excision was required only when
diagnosis of atypical papillary lesions were
yielded at percutaneous biopsy. Similarly,
in the study by Mercado et al. (2006), the
significance of imaging histologic con-
cordance has also been demonstrated in
two cases. Mercado er al. (2006) reviewed
43 benign papillary lesions in 42 patients
diagnosed at core needle biopsy. Excision
was performed in seven sclerosing papillo-
mas diagnosed at core needle biopsy. Out
of these seven lesions, surgical excision
showed four papillomas, one DCIS and
two with no residual lesions. The DCIS
lesion diagnosed by surgical excision
showed discordant imaging and pathol-
ogy findings. This lesion was classified
as BI-RADS category 5 with cluster of
pleomorphic microcalcification in linear
distribution while core biopsy revealed
intraductal papilloma with sclerotic fronds.
In the same series, six benign papillary
lesions not otherwise specified diagnosed
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at core biopsy had excision for correlation.
Surgery revealed one papillomatosis, four
papillomas and one DCIS. In the papil-
lary lesion subsequently diagnosed to be
DCIS, it had mammography classified as
BI-RADS category 4 because new calcifi-
cations were found in this elderly woman
and therefore it was regarded as discordant
imaging findings. Many authors from dif-
ferent centers have therefore emphasized
histologic pathological discordance as an
indication for surgical excision even when
benign papillary lesion is yielded at core
needle biopsy.

IS EXCISION BIOPSY NEEDED
IN ASSESSING PAPILLARY
LESIONS OF THE BREAST?

Despite the reassuring results of core
biopsy by Liberman et al. (1999), Rosen
et al. (2002) and other authors, some
other investigators do not agree with
conservative management of benign pap-
illary lesions diagnosed at biopsy. In
loffe et al. (2000)’s study, they reviewed
1,327 core biopsies. Twenty-eight (2.1%)
benign papillomas were identified. Eight
lesions had surgical excision. Of these
eight lesions, two (25%) had adjacent
DCIS at excision. Excision of the remain-
ing six cases revealed adjacent atypical
ductal hyperplasia in two lesions, adjacent
atypical ductal hyperplasia, and lobular
carcinoma in situ in one lesion and non-
atypical benign finding in three lesions.
Henceforth, out of these eight lesions,
there was a 25% false-negative rate and
the remaining six excisions showed high
risk lesions. The accuracy of the diagno-
sis of papillary lesions at core biopsy was
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therefore questioned. It is important to
note that image concordance or discord-
ance has not specifically stated in these
eight lesions. One might then question the
reasons for performing surgical excision
in these eight lesions. If imaging discord-
ance is the indication for these surgical
excisions, one might then argue that the
findings of this study has no conflicts
with the many other studies in that pap-
illary lesions can be safely followed up
once biopsy yield benign pathology and
no imaging discordance is found. It might
appear that different authors hold different
views on the management of these lesions
based on similar findings. In the study
reported by Mercado et al. (2006), despite
the findings that negative predictive value
of core needle biopsy for excluding malig-
nancy among benign papillary lesions
of the breast was up to 94%, the authors
suggested that papillary lesions diagnosed
as benign at biopsy should be surgically
excised because a substantial number of
lesions were upgraded to atypical duc-
tal hyperplasia and DCIS at excision. In
their series, a total of 43 benign papillary
lesions diagnosed at core needle biopsy
were reviewed. Out of these 43 lesions,
surgical excision was available in 36
lesions (84%). A total of eight papillomas
with atypical ductal hyperplasia and two
DCIS were diagnosed at surgical excision.
The two DCIS had suspicious mammo-
graphic features. In this series, the find-
ings suggest that discordant pathologic
imaging findings will prompt surgical
excision and early diagnosis of the two
DCIS. However, the cases with atypi-
cal ductal hyperplasia would have been
missed as these lesions show concordant
imaging pathologic findings.
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The findings of the study by Liberman
et al. (2006) also challenge the current
management protocol. They reviewed
3,864 percutaneous imaging-guided biop-
sies. Out of these 3,864 lesions, 50 lesions
showed concordant histologic and imag-
ing diagnosis of benign papillary lesions.
Thirty-five lesions were analysed. Out of
these 35 lesions, 25 had surgical pathol-
ogy and ten had or a minimum of 2 year
mammographic follow up. All 35 lesions
had biopsy performed using either 11-gauge
vacuum-assisted (n = 20) or 14 gauge auto-
mated (n = 15) needles. Twenty lesions
had surgical excision due to preference
of clinician or patients. The time lapsed
between the surgery and the biopsy was
1-15 weeks with a median of 5 weeks.
Another five surgical excisions were per-
formed as there was evidence of interval
growth in follow up mammography. Of
all these 35 lesions, DCIS was ultimately
found in four lesions (14%) and node
negative invasive cancer was found in one
lesion. In 6 (17%) of 35 lesions, surgery
revealed high-risk lesions, these included
atypical ductal hyperplasia in three, radial
scar in two, and lobular carcinoma in situ
in one. The authors then concluded that
surgery revealed up to 14% cancer and
17% high risk lesions in percutaneously
diagnosed papillomas. Surgical excision
was therefore recommended in papillary
lesions even though they had benign con-
cordant imaging-biopsy findings. The find-
ings of this study have major impact on the
current belief. In this series, not only high
risk lesions have been missed, cancer has
also been missed in papillary lesion with
concordant benign histologic and imag-
ing findings. One should be reminded that
in 1999, Liberman et al. have concluded

that conservative management of benign
papillary lesions diagnosed at core biopsy
with concordant imaging findings is safe.
Liberman et al. have obviously changed
their thinking when a larger number of
benign papillary lesions with concordant
imaging histologic findings are analysed
7 years later.

One might then argue that in both the
studies by Liberman et al. (2006) and
Mercado et al. (2006), biopsies were
performed with both 14 gauge automated
needles and vacuum-assisted biopsy
device. With better tissue yields, con-
servative management of benign papil-
lary lesion diagnosed at vacuum-assisted
biopsy device might be safe. Chances
of missing atypical ductal hyperplasia
might be significantly decreased. Imaging
histological concordance might not be
an indication for surgical excision any-
more if sufficient tissue could be yielded
by vacuum-assisted biopsy device and
diagnosis of papillary lesions could be
made confidently and accurately. Results
of preliminary study of Mercado et al.
(2001) might suggest the role of vacuum-
assisted biopsy in the management of the
papillary lesion.

Mercado et al. (2001) reviewed 734
consecutive stereotactic directional vac-
uum-assisted biopsies. A total of 36 papil-
lary lesions were detected. All stereotactic
biopsies were performed with an 11-gauge
directional vacuum biopsy, with an aver-
age of eleven core samples (range 6—18
samples). Out of these 36 lesions, ten
lesions were excluded from analysis due
to incomplete information. Correlation
with subsequent surgical excision was
available in 20 lesions. The remaining six
lesions had follow up by mammography
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for a period of up to 2 years. The his-
topathologic diagnoses of these 26 lesions
by vacuum-assisted biopsy included 12
benign lesions (46%), atypia in six lesions
(23%) and papillary carcinoma in eight
lesions (31%). One benign lesion showed
discordant imaging and pathological find-
ings. Excision of this lesion showed aty-
pia with adjacent papillary intraductal
carcinoma. At surgical excision, the six
atypical lesions revealed atypical ductal
hyperplasia in three cases, atypical papil-
loma in one case and papilloma with adja-
cent focus of atypical ductal hyperplasia in
one case. For the sixth case, the lesion was
completely removed by vacuum-assisted
device and residual lesion could not be
identified at surgical excision. For all eight
malignant lesions, the diagnoses were con-
firmed by surgical excision. In addition,
two of the eight lesions also revealed
concomitant invasive ductal carcinoma.
This is the first article in which all papil-
lary lesions had biopsy performed with
stereotactic directional vacuum-assisted
device. The authors concluded that both
benign and malignant papillary lesions
of the breast could be reliably diagnosed
at vacuum-assisted biopsy, though the
extent of malignant papillary lesion might
be underestimated. It should be noted
that papillary intraductal carcinoma was
ultimately diagnosed for the only case
with discordant imaging and pathologi-
cal findings. From the very preliminary
experience, it would therefore appear that
imaging pathologic concordance remains
an important concept in the management
of papillary lesion of the breast, even when
the biopsy was performed with a vacuum-
assisted biopsy device.

The findings of the study by Irfan and
Brem (2002) might be in conflict to that by
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Mercado et al. (2001). Their study, how-
ever, consisted of only a very small number
of papillary lesions. Irfan and Brem (2002)
reviewed 212 stereotactic vacuum-assisted
biopsies. Out of these 212 biopsies, six
(2.8%) demonstrated intraductal papilloma.
Out of these six lesions, one was reported
to have features suggestive of radial scar.
The remaining five lesions were diagnosed
to have no evidence of atypia or unusual
histological features. Only three of these
six lesions were surgically excised. One
lesion showed fibrocystic change with a
radial scar, one showed benign fibroglan-
dular tissue, the other one showed foci of
atypical ductal hyperplasia. Therefore, in
such a small series, despite the fact that
surgical excision was only available in
three cases, one atypical ductal hyperplasia
was diagnosed at surgical excision. When
one reviewed the technique of biopsy in
detail, all biopsies were performed with
an 8 gauge vacuum-assisted probe with
11-17 core samples taken per lesion. That
means that in this small series, all biop-
sies were taken with an extremely large
gauge vacuum-assisted probe. With 11-17
cores taken per lesion, it would be usu-
ally regarded as adequate. Henceforth, in
this very small series, upgrading of the
benign papillary lesion to high risk lesion
at surgical excision has been demonstrated
despite adequate tissue sampling by vac-
uum-assisted biopsy device.

These studies have obviously brought
new impact and challenges to current
thinking and management of papillary
lesions of the breast. Based on the lim-
ited data available in current literature,
the role of excision biopsy when vacuum
assisted biopsy yields atypical papilloma
and benign papillary is explored in the fol-
lowing discussion.
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ATYPICAL PAPILLOMA/
PAPILLARY LESION
WITH ATYPICAL DUCTAL
HYPERPLASIA AT
VACUUM-ASSISTED BIOPSY

Atypical papilloma should be regarded
as high risk lesion. Analysis of the series
reported by Ciatto et al. (1991) and
Czernobilsky (1967) shows a high propor-
tion of atypical papilloma and papilloma
with atypical duct hyperplasia (ranging
from 30% to 70%) have final diagnosis of
malignancy. Review and summary of the
current literature has been performed. In
the literature search, a total of 114 atypical
papilloma/papillary lesions with atypical
ductal hyperplasia diagnosed at either
14-gague large core technique or 14-or 11-
gauge vacuum technique are found to have
surgical excision correlation. The results
of these lesions are tabulated (Table 7.1).
Taking all the findings of these studies
together, carcinoma is subsequently diag-
nosed on surgical excision in 46 lesions,
including five invasive carcinomas. The
rate of underestimation among these stud-
ies is therefore up to 40.4%. It is therefore

clear from this analysis that atypical papil-
loma is associated with a very high risk of
malignancy.

As discussed before, details of the nee-
dle used in each of these lesions were
not indicated in many of these studies,
the rate of underestimation by vacuum
assisted biopsy device cannot be assessed.
In the study by Mercado et al. (2001) no
upgrade at surgery for the six atypical
papillomas diagnosed at vacuum-assisted
biopsy were reported. However, from other
articles, sporadic cases of underestimation
of malignancy by vacuum-assisted device
could be identified. In the series reported by
Liberman et al. (1999), one case diagnosed
as papilloma with atypical ductal hyper-
plasia had specimens taken by a 14 gauge
vacuum-assisted biopsy was subsequently
upgraded to DCIS at surgery. In the series
reported by Philpotts ez al. (2000), out of 15
atypical papilloma diagnosed by 11 gauge
vacuum-assisted biopsy, four lesions were
upgraded, the incidence of upgrade was
therefore up to 26.7% in this series. In the
study reported by Rosen et al. (2002), two
out of eight atypical papilloma sampled by
11 gauge probe were upgraded to ductal

TABLE 7.1. Number of malignancy missed in atypical papilloma/papillary lesions with atypical ductal

hyperplasia diagnosed by percutaneous core biopsy.

Needle gauge (11G- vacuum- Number of lesions diagnosed to be atypical Number of lesions diag-

assisted, 14G-automated gun

Study or not specified)

papilloma/papillary lesions with atypical
ductal hyperplasia by percutaneous biopsy

nosed to be malignant by
surgical excision (%)

Ivan et al. (2004) Various include

11G/14G, 16,18,20G

Syndor et al. (2006) 11G/14G
Agoft et al. (2004) 11G/14G
Mercado et al. (2001) 11G
Philpotts et al. (1999) 11G
Liberman et al. (1999) 11G/14G
Rosen et al. (2002) 11G/14G
lToffe et al. (2000) Not specified
Rajendiran et al. (2001) Not specified
Renshaw et al. (2004) 11G/14G

Masood et al. (2003)
Total

Not specified

8 5 (63%)
15 10 (67%)
26 12 (46%)

6 0 (0%)

15 4(26.7%)
10 3 (30%)
10 3 (30%)

3 3 (100%)
10 2 (20%)

7 2 (28.6%)

4 2 (50%)

114 46 (40.4%)
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carcinoma in situ, the incidence of upgrade
was therefore up to 25% in this series. In
the series reported by Sydnor et al. (2006),
a total of 15 atypical papillomas were diag-
nosed at core biopsy performed by either a
14 gauge core needle or an 11 or 14 gauge
vacuum-assisted device. Ten out of these 15
lesions were malignant at excision biopsy.
Details of the needle type of these 15 atypi-
cal papillomas were not given. However, as
stated in their results, they found no signifi-
cant relationship between the type of needle
and the presence of malignancy at excision.
Therefore it was reasonable to presume that
a significant percentage of these 15 atypi-
cal papillomas had biopsy performed with
an 11gauge vacuum-assisted device. When
only the results of Mercado et al. (2001),
Rosen et al. (2002), Philpotts et al. (2000)
and Liberman et al. (1999) are consid-
ered, correlation of surgical excision with a
total of 30 atypical papilloma diagnosed at
vacuum-assisted device is available. Seven
out of these lesions were finally upgraded
to malignancy. The missing rate of malig-
nancy was therefore up to 23.3%. Despite
a small total number of lesions available
for analysis is small, a high incidence of
missing malignancy has been found. From
the results of this preliminary analysis, it is
clear that it is unsafe not to perform surgical
excision when atypical papilloma is yielded
at biopsy, even if the biopsy is performed
by vacuum-assisted device and adequate
tissue sampling has been performed.

BENIGN PAPILLOMA AT
VACUUM-ASSISTED BIOPSY

The management of the benign papillary
lesion is more controversial. As discussed
above, many investigators and clinicians
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think that the incidence of malignancy
among papillary lesion is low. Once a core
biopsy has diagnosed benign papillary
lesion and especially if there is concordant
imaging findings, it might not be cost-
effective to perform surgical excision. The
findings of Gendler et al. (2004)’s study
obviously does not support such thinking.
In their study, the upgrading rate can be
as high as 52.9%. Gendler et al. (2004)
evaluated 87 papillary lesions with exci-
sion biopsy. Out of these 87 lesions, 34
benign papillomas had biopsy with either
an 11 gauge vacuum-assisted device or a
14 gauge biopsy needle. The remaining 53
lesions had image guided fine needle aspi-
ration. When only core needle biopsy was
considered, a total of 18 lesions diagnosed
as papillary lesions subsequently were
upgraded to breast cancer or atypical duc-
tal hyperplasia at excision biopsy. Rather
than relying on just one study, a review of
the current literature on benign papilloma
and analysis of the results available from
major studies would provide a clearer
picture of the outcome of benign papillary
lesion diagnosed at biopsy.

In the following analysis, sclerosing
papilloma and benign non-specified pap-
illary lesions have been excluded. The
results and summary of the major studies
involving benign papilloma diagnosed at
vacuum- assisted/core needle biopsy and
the number of malignancy missed are tab-
ulated (Table 7.2). As discussed above, a
significant portion of the benign papilloma
yielded at biopsy has mammographic fol-
low up. Surgical excision is only carried
out if the sample is proved to be insuffi-
cient, due to pathologists’ or patients’ rec-
ommendation or preference, or when there
are discordant imaging findings. Out of
322 benign papillary lesions diagnosed
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TaBLE 7.2. Number of malignancy missed in benign papilloma diagnosed by percutaenous biopsy (FNA:
fine needle aspiration, G: gauge, NS: not specified, VA: vacuum-assisted device, A: automated gun).

No. of papillomas with

Needle gauge type of Number of Number of papillary Surgical Mammography fol-

Study biopsy malignant lesions with follow-up follow-up  low up

Liberman et al. (1999) 14G A 0 7 4 3
11G VA

Ioffe et al. (2000) NS 2 18 8 10

Mercado et al. (2006) 11G VA 1 12 6 6

Rosen et al. (2002) 14G A 0 27 4 23
14G VA
11G VA

Masood et al. (2003) NS 1 6 6 0

Irfan and Brem (2002) 8G VA 0 6 3 3

Valdes et al. (2006) 14G A 6 17 50 0
11G VA 4 33

Philpotts et al. (2000) 14G A 1 12 12 0
11G VA

Sydnor et al. (2006) A (unknown G) 3 43 18 25
VA (unknown G)

Ivan et al. (2004) Variable 0 30 24

Agoff and Lawton (2004) 14G A 0 16 11 5
11G VA
9G VA

Renshaw et al. (2004) 11G A 0 18 18 0
14G A

Gendler et al. (2004) 14G A 2 13 13 0
11G VA

Mercado et al. (2006) 14G A 0 29 23 6
11G VA

Liberman et al. (1998) 14G A 5 35 25 10
11G VA

Total 25 (12.1%) 322 207 115

at core biopsy performed by both auto-
mated gun and vacuum-assisted device,
25 lesions ultimately demonstrated malig-
nancy, accounting for 7.8% of all benign
papilloma. The incidence of malignancy
among papilloma is not low, especially
when one considers the fact that all these
lesions have benign papilloma diagnosed
at core needle biopsy. Naturally, one
would then raise the question, whether
vacuum-assisted biopsy can replace surgi-
cal excision in the management of benign
papilloma diagnosed at biopsy. Valdes et al.
(2006) reported a total of 120 papillary
lesions diagnosed by different types of
biopsy needles. Out of these 120 papil-
lary lesions, 80 lesions underwent surgical

excision. Sixteen lesions were diagnosed
as atypical papilloma and the remaining 64
lesions were diagnosed as papilloma/papil-
lomatosis or pure papillary lesions. Out of
these 64 lesions, a total of 15 malignancies
were found at surgical excision. The miss-
ing rate of malignancy in benign papillary
lesion was up to 23.4% in this series. In
this series, details of types of needles used
in 64 lesions were not given. However,
when all 80 papillary lesions were taken as
a group, the investigators found that vac-
uum-assisted device had a lower incidence
of missing malignant lesions as compared
with fine needle aspiration and ultrasound
guided 14G core biopsy needles. In the
series reported by Liberman et al. (1999),
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out of the seven benign papillomas diag-
nosed at percutaneous biopsy, only one
case had the biopsy performed by 11
gauge vacuum-assisted device and surgery
confirmed benign pathology in that case.
With the apparently encouraging results
of vacuum-assisted device in management
of benign papilloma, it is important to
note that 23.4% quoted in Valdes et al.
(2006)’s study refers to missing rate of
malignancy, the upgrading rate of benign
papilloma to atypical ductal hyperplasia or
other high risk lesions are not given in this
series. Missing malignancy is obviously
unacceptable, it is also important to know
the chance of missing high risk lesion
such as atypical ductal hyperplasia before
a logical and cost effective management
protocol could be established. As dis-
cussed before, in Irfan and Brem (2002)’s
study, the authors reported six intraductal
papillomas with biopsy performed by an 8
gauge vacuum- assisted biopsy. Out of the
three intraductal papillomas with surgi-
cal excision, one lesion had demonstrated
atypical ductal hyperplasia at surgery.

The series reported by Liberman et al.
(2006) obviously gives much impact to the
management of benign papillary lesion. In
this study, a total of 35 papillary lesions
with concordant pathologic imaging
findings were analysed. Out of these 35
lesions, 15 lesions had biopsy taken with
14 gauge automated gun, the remaining
20 lesions had biopsy taken with 11gauge
vacuum-assisted probe. With these 20
lesions, two lesions were upgraded from
papilloma at core biopsy to DCIS after
excision. One lesion had 29 cores of tis-
sue obtained and the other lesion had 14
cores of tissue obtained. The number of
cores taken would again be considered
as adequate. In the series reported by
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Mercado et al. (2006) study, a total of 17
lesions had biopsy taken with an 11 gauge
vacuum-assisted device. Out of these 17
lesions, one lesion showing benign papil-
loma not otherwise specified at biopsy was
upgraded to DCIS after surgical excision.
For this lesion, nine cores of tissue were
taken. This lesion had surgical excision
because mammographically the lesion was
classified as BIRADS category 5.

Without knowing the total number of
benign papillomas diagnosed at vacuum-
assisted device in these studies, one cannot
calculate the missing rate of malignancy
or the missing rate of high risk lesions.
It is however clear that carcinoma is still
being mis-diagnosed in cases of benign
papilloma diagnosed at 11 gauge vacuum-
assisted biopsy. In the study by Liberman
et al. (2006) no statistically significant dif-
ference in the likelihood of missing can-
cer as a function of percutaneous biopsy
method was found. This study is extremely
important because it shows that benign
concordant imaging biopsy findings do not
preclude malignancy, even if the biopsy is
performed with 11 gauge vacuum-assisted
device.

Moreover, in the study by Liberman
et al., six high risk lesions including
three atypical ductal hyperplasia, two
radial scars and one lobular carcinoma in
situ were identified at surgical excision,
accounting for an incidence of 17.1% of all
35 benign papillomas diagnosed at biopsy.
The number of high risk lesion missed by
vacuum-assisted biopsy was not stated in
the study. However, from the incidence
of missing cancer in the same study, one
would expect similar missing rate for high
risk lesions. The presence of such high
risk lesion may alter the management of
the patients. More intensive surveillance
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and consideration of risk reducing meas-
ures such as tamoxifen therapy might be
required. Some authors consider atypical
ductal hyperplasia in or around a papilloma
as pre-malignant, early removal of the
papilloma with atypical ductal hyperplasia
might therefore decrease the likelihood
of development of subsequent breast can-
cer. Following the same line of thought
and taking one step further, if there is a
high incidence of high risk lesions among
benign papillomas, early surgical excision
of benign papillomas might be justified.
Whether the benign papilloma shows con-
cordant imaging findings or not might
not be important, as concordant imaging
findings do not predict the presence of
high risk lesion, as suggested by Mercado
et al. (2006). A low incidence of cancer at
surgery will be expected for such practice,
but failure to excise the papilloma may
allow evolution of premalignant change to
cancer development.

In conclusion, vacuum-assisted biopsy
has proved itself to be advantageous over
core needle biopsy in the diagnosis of vari-
ous malignant and precancerous breasts
lesions such as DCIS and atypical ductal
hyperplasia. In the management of the pap-
illary lesion, the role of vacuum-assisted
biopsy 1is less certain. Current literature
shows that cancer and high risk lesions are
still missed in biopsy taken with vacuum-
assisted device. Atypical papillomas or
papillary lesions with unusual histologic
findings at vacuum-assisted device biopsy
still warrant surgical excision. The role
of surgical excision with vacuum-assisted
device in benign papillomas is less certain
and larger data set is required for a defi-
nite answer. With relative small number
of lesions managed in each center, multi-
center collaboration is required so that

critical analysis of data is possible for
setting up a cost effective management
protocol for these patients.
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INTRODUCTION

The sentinel lymph node (SN) is the first
lymph node in a lymph node basin to drain
a primary tumor. This sentinel node can
be removed after labeling with blue dye
and/or a radiocolloid by limited surgery.
Compared to routine axillary lymph node
dissection (ALND), sentinel node biopsy
causes less morbidity, lower costs, and
is more reliable for axillary staging due
to multiple section analysis (Haid et al.,
2002). First described by A. Giuliano 12
years ago, sentinel node biopsy (SNB) has
become clinical routine, and the stand-
ard of care for axillary staging of breast
cancer patients in many centers (Giuliano
etal.,1994). The 2003 St. Gallen Consensus
Panel also accepted it as a diagnostic tool
for axillary staging. Many validation stud-
ies showed it to be accurate and feasible for
unicentric invasive breast cancer (Giuliano
et al., 1995; Haid et al., 2003; Veronesi et al.,
1999). Accepted indications for SNB, in
addition to unicentric breast cancers, are

larger ductal carcinomas in situ as well as
multifocal cancers up to 3—4cm in diam-
eter (Lyman et al., 2005). Sentinel Node
Biopsy continues to be controversial after
preoperative chemotherapy, although the
evidence is getting stronger in favour of its
usefulness (Haid et al., 2001; Mamounas
et al., 2005). Further contraindications are
inflammatory breast cancer, palpable axil-
lary lymph nodes, and previous surgery of
the breast and axilla.

Most authors considered SNB to be con-
tra-indicated in multicentric breast cancer,
because tumors located in different quad-
rants of the breast were thought to drain into
different sentinel nodes. This may result
in an inaccurate lymph node staging and
high false-negative rates (Veronesi et al.,
1999). Evidence obtained in the past few
years regarding the functional anatomy of
the lymphatic drainage of the breast sup-
ports the theory that all quadrants of the
breast drain into the same lymph node(s)
(Borgstein et al., 2000; Klimberg et al.,
1999). But, if SNB proved to be a valid
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concept in multicentric breast cancer as in
unifocal lesions, this patient group would
also benefit from less morbidity and more
accurate lymph node staging. In the ASCO
Guidelines published in JCO in October
2005, SNB was also rated as an acceptable
procedure for multicentric breast cancer,
although the available evidence is limited
to some small-scale trials (Lyman et al.,
2005). This rating was supported by our
data, which were derived from the largest
series reported to date in a multicenter set-
ting (Knauer et al., 2006).

TECHNIQUE OF SENTINEL
NODE BIOPSY IN
MULTICENTRIC BREAST
CANCER

In the beginning SNB in unicentric breast
cancer was performed after peritumoral
(PT) dye or radiocolloid injection. This
approach was dictated by the assumption
that every lymph node was associated
with a specific body region. Estourgie
et al. (2004) even injected the radioactive
tracer directly into the tumor suspect-
ing that tumors in different quadrants
drained into different SNs. Because peri-
tumoral injection was technically difficult
in nonpalpable breast cancers, a search
for alternative application methods began.
Borgstein et al. (2000) and Klimberg
et al. (1999) showed that tumors located
in different quadrants of the breast drained
into the axilla via one subareolar lym-
phatic plexus connected to communi-
cating superficial and deep lymphatic
systems. With intradermal radiocolloid
and peritumoral dye injections in the same
quadrant or in a different breast quadrant
of 119 patients, Nathanson er al. (2001)

M. Knauer et al.

found a statistically identical concordance
of blue staining and hot lymph nodes in
both groups (95.5% versus 93.9%). These
results led to the conclusion that tumors
located in different quadrants drained into
the same SN.

Multicentric breast cancer is defined as
two or more physically separate invasive
tumors in two or more breast quadrants
as shown in Figure 8.1. Multicentricity of
these tumors in our study was suspected
from clinical and radiological findings,
1.e., mammography and sonography were
performed on all patients, completed by
MRI in some unclear cases. The diagnosis

FiGure 8.1. Multicentric breast cancer with suspi-
cious lesions in different quadrants seen by mam-
mography
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of multicentric cancer is confirmed his-
tologically in all patients by fine-needle
aspiration or core-needle biopsy prior to
surgery or by frozen sections of the tumor
specimen intraoperatively. Peritumoral
injection of dye and radiocolloid have
also been tried for multicentric lesions,
but proved to be unfeasible in patients
with nonpalpable lesions or produced
high false-negative rates (Bergkvist
et al., 2001). In contrast to the preopera-
tive imaging that is necessary for multiple
peritumoral injections, subareolar injec-
tion offers a dual advantage: the blue
dye or radiocolloid is drained into the
axillary lymph nodes rapidly and time is
saved. Several studies have established
that SA injections were at least equal to
PT injections in unicentric breast cancer
(Klimberg et al., 1999; Reitsamer et al.,
2003; Smith et al., 2000). In an analysis
of 307 patients from our institution, SA
injections were found to be even superior
to PT blue dye injections. We found sta-
tistically significant better detection rates
of 99% (194 out of 196 patients) for the
SA technique versus 90% (100 out of 111
patients) for the PT technique (Knauer et
al., 2004). All of these studies showed
high rates of concordance between sub-
areolar and peritumoral injections sug-
gesting that both techniques detect the
same SNs. The feasibility and accuracy
of SNB in multicentric breast cancer
using subareolar injection techniques was
described by some authors (Layeeque
etal.,2003; Schrenk et al., 2001; Tsunoda
et al., 2002). In our study population of
106 patients with multicentric lesions,
the false-negative rates were 3.2% for
SA dye or radiocolloid injections versus
4.0% for all patients including varying
techniques.
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Technique of Lymphatic Mapping

For lymphatic mapping of multicentric
breast cancer either vital blue dye as
shown in Figure 8.2a (Isosulfan blue 1%,
Lymphazurin®, or Patent blue V Guerbet
2.5%), 2-5ml, or Tc?™-nanocolloid
(Nanocoll®), 20-85MBq, alone or com-
binations of blue dye and radiocolloid are
used. The distribution of different tech-
niques in our study of 142 patients with
multicentric cancer is shown in Table
8.1: Radionuclide alone was injected in
7%, blue dye alone in 38% and a com-
bination of both in 55%. Preoperative
lymphoscintigraphy should be performed
in all patients who have a radiocolloid
injected previously. Intraoperatively, sen-
tinel nodes are identified by retrieving
blue staining lymph nodes as shown in
Figure 8.2b and hot nodes using a hand-
held gamma camera. The search for SNs

TaBLE 8.1. Lymphatic mapping techniques and con-
cordance of blue dye and radiocolloid in 142
patients with multicentric breast cancer.

Lymphatic mapping
technique n (%)
Blue dye total 132
Subareolar 115 (87.1)
Peritumoral 8 (6.1)
Others 9 (6.8)
Radiocolloid total 88
Subareolar 10 (11.4)
Peritumoral 20 (22.7)
Sucutaneous 53 (60.2)
above tumor
Others 5(.7)
Concordance
n (blue dye + radiocolloid) 78
Blue nodes and 63 (80.8)
(different) hot nodes
“Blue and hot” nodes 53 (67.9)
Blue only 7(9.0)
Hot only 3(3.8)
No SN found 5(6.4)

n: number of patients, SN: sentinel node
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FIGURE 8.2. Subareolar application of blue dye (2a)
detects a blue sentinel node (2b)

is completed, when the background activ-
ity in the axilla is < 10-30% of the most
active SN. Every SNB is followed by vis-
ual inspection and palpation for further
suspect lymph nodes. Because the impact
of extra-axillary SNs is controversial, in
our study these nodes were not removed.
Levels I and I ALND were completed in
125 of the 142 cases in this study. One
participating surgical department in the
Austrian Sentinel Node Study Group has
started to avoid routine ALND in patients
with negative SNB after they had fulfilled
the quality criteria of identification and
false-negative rate. Sentinel and non-
sentinel nodes (NSNs) were separately
submitted for histology.

M. Knauer et al.

Histologic Evaluation of Sentinel Nodes

As recommended by the Austrian Society
of Pathologists (Rudas et al., 2002),
sentinel nodes < Smm in size are cut in
half paracentrally. One half is used for
frozen section analysis in three planes,
the other is embedded in paraffin for
further analysis (sections spaced 200 um
apart). Of SNs ~ 5Smm in size a central
slice of 2mm 1is used for frozen section
analysis in three planes. The remaining
material is cut in 2um-slices (spaced
200 um apart) and embedded in paraf-
fin for further analysis. From all slices
one specimen is stained with H&E. In
all H&E-negative cases immunohisto-
chemical staining is used. All SNs are
classified by the UICC criteria.

Surgical Procedures

The standard surgical procedure for mul-
ticentric breast cancer is the modified
radical mastectomy. Despite this, after
completion of SNB, subsequent surgery
of the breast cancer in our study consisted
of mastectomy in 91% of the 142 patients
and breast conserving procedures in 9%
(13 selected cases), when assumed reason-
able by the surgeon and patients refused to
undergo mastectomy.

RESULTS OF THE AUSTRIAN
SENTINEL NODE STUDY
GROUP

The purpose of our validation study was to
confirm the feasibility and accuracy of SNB
in multicentric breast cancer. Designed as
a multi-institutional trial, it was conducted
by the Austrian Sentinel Node Study Group



8. Multicentric Breast Cancer: Sentinel Node Biopsy as a Diagnostic Tool

(ASNSG) and supported by the Austrian
Society of Senology (Knauer et al., 2006).

Patients and Data

Between 1996 and 2004, 3,730 clinically
node-negative patients with operable and
biopsy-proven invasive or in situ breast
cancer underwent SNB at 15 member hos-
pitals of the Austrian Sentinel Node Study
Group (ASNSQG). Patient data were entered
prospectively in the multicenter data-
base (Microsoft Access®) (Konstantiniuk
etal.,2001). Regular checks of the entered
data were made to assure high data qual-
ity and regular postoperative follow-up.
One hundred and forty-two patients with
multicentric breast cancer prospectively
underwent SNB. Their data were com-
pared with those of 3,216 patients with
unicentric cancer. The SNB results of
the ASNSG in unicentric breast cancer
were reported elsewhere (Pichler-Gebhard
et al., 2002). Further inclusion criteria for
the study were a negative axilla by clinical
and sonographic evidence and the absence
of distant metastases. The mean age of the
study patients was 56 years. About 40% of
the patients were premenopausal. Detailed
patient and tumor characteristics of the
study population are shown in Table 8.2.
Written informed consent to participate
in the lymphatic mapping procedure was
obtained from all patients.

In total a number of 142 patients (1
to 44 per participating surgical unit) with
multicentric invasive breast cancer on final
histopathologic examination fulfilled the
criteria for this study. The detection rate
in these patients was 91.5% (130 of 142
patients). Intra-operatively, a mean number
of 1.67 sentinel nodes (range 1-5 nodes, SD
0.9) was successfully excised. The concord-
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TaBLE 8.2. Demographic and tumor characteristics

of study population.

Characteristic n =142 (%)
Age (years)

Mean (SD) 56.6 (13.2)

Range 28-89
Menopausal status

Premenopausal 58 (40.8)

Postmenopausal 84 (59.2)
Tumor stage

T1mic 4(2.8)

Tla 3(2.1)

Tlb 14 (9.9)

Tlc 51(35.9)

T2 63 (44.4)

T3 5(3.5)

T4b 2(1.4)
Pathologic tumor size (mm)

Mean (SD) 21.9 (12.9)

Range 1-70
Tumor histology

Ductal + DCIS 110 (77.5)

Lobular 25 (17.6)

Other 4(2.8)

DCIS + Microinvasion 3 2.1
Hormone receptor status

Positive 128 (90.1)

Negative 14 (9.9)

n: number of patients, yrs: years, SD: standard deviation,
mm: millimeter, DCIS: ductal carcinoma in situ

ance rate of blue dye and radiocolloid in 78
patients with combined applications was
67.9% for “blue and hot” nodes (Table 8.1).

The overall incidence of SN metastases
was 60.8% (79/130 patients), which is
higher than in unicentric breast cancer.
Fifty-one patients (39.2%) had a nega-
tive SN. 83.5% out of the positive SNs
were found by regular H&E staining, the
remaining 16.5% of the metastases were
detected by immunohistochemical staining,
which was routinely performed in all H&E-
negative sentinel nodes. The operation was
completed by level I and Il axillary dis-
section in only 125 of the 142 patients,
because one department had started to omit
routine ALND in patients with negative
SNB from January 2003. The mean number
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of resected axillary lymphnodes in ALND
was 16.1 (446 lymph nodes per patient).

In 39.2% (31/79 patients) only the SN
harboured metastatic tumor cells, while
in the other 60.8% (48/79 patients) other
lymph nodes were also involved. We
also found tumor cells in axillary lymph
nodes of three patients who had a nega-
tive SN indicating a false-negative rate
of 4%. While the rates of positive SNs
and NSNs were significantly higher than
in the unicentric breast cancer, there was
no statistical difference in detection and
false-negative rates. However, there was
a non-significant lower false-negative rate
of 4.0% versus 6.4% in unicentric cancer.
The detailed results of SNB in unicentric
and multicentric cancer are shown in Table
8.3.

Sensitivity, negative predictive value and
overall accuracy in our study population
were 96.0%, 93.3% and 97.3%, respec-
tively. The likelihood ratio for negative
test results was 0.04, indicating an excel-
lent test outcome. Subareolar injection of
blue dye or radiocolloid appeared to be
as effective and accurate as peritumoral
application. Consistent with the existing
literature (Bauer et al., 2002; Kern, 2002;
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Klimberg et al., 1999) in 106 patients
who underwent SA injection of blue dye
or radiocolloid and ALND the acceptable
false-negative rate of 4.0% in all patients
dropped to 3.1%. The adjuvant treatment
after definitive pathologic staging was dis-
tributed as follows: Hormonal therapy in
70% of patients, chemotherapy in 48%,
adjuvant radiation therapy in another 48%, and
immunotherapy with trastuzumab in 3%.

Follow-Up

After a mean follow-up time of 17 months
(449 months) 17 SNB-negative patients,
who were not subjected to axillary dissec-
tion, have so far not shown any regional, i.e.,
axillary recurrence. One patient had to be
reoperated because of local relapse after 36
months. Distant metastases have so far been
absent and this patient is well at 49 months
of follow-up. Of the 34 patients with negative
SNs, who underwent ALND, 3 were found
to have metastatic NSNs. At a mean follow-
up time of 35.4 months (4—66 months) four
events were recorded: one local recurrence at
16 months, distant metastases in two patients
after 21 and 48 months, respectively,
and one patient died after 11 months of

TaBLE 8.3. Study results of SNB in multicentric versus unicentric breast cancer, Austrian Sentinel

Node Study Group.
Multicentric cancer Unicentric cancer p-value

n 142 3216
Detection rate 91.5% (130/142) 91.2% (2934/3216) 1.0
Number of SNs 1.67 2.01 <0.001
Positive SNs 60.8% (79/130) 34.5% (1013/2934) <0.001

T1 46.2% (31/67) 27.6% (568/2061)

T2, T3, T4 76.2% (48/63) 51.6% (444/861)
Positive NSNs 60.8% (48/79) 38.1% (358/940) <0.001
False-negative rate 4.0% (3/75) 6.4% (15/233)* 0.58

96.0% (72/75)
93.3% (42/45)
97.3% (110/113)

Sensitivity
Negative predictive value
Overall accuracy

93.6% (218/233)*
97.9% (707/722)*
98.4% (925/940)

n: number of patients, SN: sentinel node, NSN: non-sentinel node, *: ALND not performed in all patients
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follow-up. In the largest group of 79 patients
(60.8%) with positive SNs, who underwent
ALND, 11 events were recorded during a
mean follow-up time of 28.5 months (0-73
months). These recurrences consisted of two
local recurrences at 19 and 41 months, eight
patients with distant metastases after 3—36
months and four patients died after 10-38
months. In summary, after a total follow-up
time of 28.8 months none of the women
in our study who underwent sentinel node
biopsy for multicentric breast cancer devel-
oped recurrent axillary disease.

DISCUSSION

Different authors have investigated the
feasibility of SNB for multifocal and mul-
ticentric lesions with controversial results
and conclusions. On one hand Ozmen
et al. (2002) reported a false-negative rate
of 33% in patients with multifocal lesions
(4 out of 12 patients) and attributed these
to the multifocality. The exclusive peritu-
moral dye injection without the use of any
radiocolloids is likely to have been a con-
tributing factor. On the other hand, Goyal
et al. (2004) reported a detection rate of
95% and a false-negative rate of 8.8% in
75 patients with multifocal cancer. The
authors concluded that SNB was an alter-
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native to routine axillary dissection. The
other two studies in this field were carried
out by Tousimis et al. (2003) and Layeeque
et al. (2003). They documented the data for
70 and 40 patients, respectively, some of
them with multicentric cancer. In view of a
detection rate of 97% and a false-negative
rate of 8%, the group at the Memorial
Sloan-Kettering Cancer Center concluded
that the accuracy of SNB was comparable
to that in unicentric lesions, but that formal
ALND should be performed for all T3
lesions. The Little Rock group reported
a detection rate of 100% and 0% false-
negative findings and also concluded that
subareolar radiocolloid or dye injection
may be an alternative to complete ALND.
In Table 8.4 the reported studies of SNB in
patients with multicentric and multifocal
cancer are set against those we recorded in
strictly multicentric breast cancer patients.
In our study, the mode of dye and radiocol-
loid application were deliberately left to
the involved departments. This explains
the multiple methods shown in Table 8.1.
Significantly, a strict concordance of “blue
and hot” SNs was limited to 68% of the
cases with combined injections of a blue
dye and a radiocolloid. 81% showed both
blue nodes and sometimes different hot
nodes, 9% only blue nodes and 4% only
hot nodes. We underscore the need for

TABLE 8.4. Studies on SNB in multifocal and multicentric breast cancer.

Source Goyal, 2004 Touisimis, 2003 Layeeque, 2003 Knauer, 2006

n 75 MF 70: 26 MF, 44 MC 40: 19 MF, 21 MC 142 MC
Detection rate 95% (71/75) 97% 100% 91.6% (130/142)
Number of SNs 2.4 2.7 2.3 1.67

Positive SNs 48% (34/71) 52% (35/67) 63% (25/40) 60.8% (79/130)
Positive NSNs 42% (13/31) 63% (24/38) 28% (7/25) 60.8% (48/79)
False-negative rate 8.8% (3/34) 8% (3/38) 0% 4.1% (3/75)
Sensitivity 91.2% 92% 100% 96.0%

Negative predictive value 92.5% 92% 100% 93.3%

n: number of patients, SN: sentinel node, NSN: non-sentinel node, MF: multifocal cancer, MC: multicentric cancer
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combined injections especially in multicentric
cancer. This rate of 68% strict concordance
is lower than the rates observed in unicen-
tric breast cancer.

In the series of Goyal er al. (2004),
Tousimis et al. (2003), and Layeeque et al.
(2004) the high rate of tumor-positive SNs
and NSNs (48-63% and 28-63%) was a
significant finding. Our data confirmed
these highly significant differences. This
implicates that the actual definition of the
tumor size by the largest lesion is unsuited
for T staging. Andea et al. (2002) pro-
posed that the sum total of the diameters
of all lesions would be more accurate for
predicting the likelihood of positive SNs
in multicentric cancer. In another study,
however, the authors computed the sum
total of multicentric cancer volumes and
concluded that multicentric tumors have
distinctly different biologies and that even
small lesions tended to metastasize to the
lymph nodes (Andea et al., 2004).

Clinical Advantage of Sentinel Node
Biopsy in Multicentric Breast Cancer

In our patient population the percentage of
SN-positive patients turned out to be higher
than in unicentric cancer (61% versus 35%).
Involvement of the sentinel node was also
associated with involvement of other lymph
nodes in over 60% of cases versus 38% in
unicentric cancer. This implies, on the other
hand, that more than every third woman
with multicentric cancer benefits from SNB
and can at least be spared the morbidity of
axillary dissection if not mastectomy.

Quality Control of Sentinel Node
Biopsy Procedure

Many different modes of Sentinel Node
Biopsy exist in the different centers. This
aspect of procedural SNB quality is in need
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of improvement not only for multicentric
breast cancer but also for unicentric cancer.
The mode of dye and radionuclide applica-
tion is a case in point as well as compliance
with certain quality criteria (detection rate
~95%, FNR <5%). Collecting patient
data in a database such as the one kept by
the Austrian Sentinel Node Study Group
is an excellent approach because it ensures
an ongoing outcome quality control by
clearing up the data at regular intervals and
monitoring post-SNB patient follow-ups.

The outcome quality of diagnostic SNB
should, however, not be confined to high
detection rates and low FNRs. The long-
term prognosis is equally important. None
of the patients, including the 17 without
ALND, developed axillary recurrence dur-
ing the follow-up times listed. However,
the follow-up times are yet too short for
recommending SNB without ALND for
all patients with multicentric breast can-
cer in every institution. The follow-up
times were 35 months for the patients
with negative SNs who underwent ALND
and 17 months for those with negative
SNBs who were spared ALND. Still, the
evidence available to date is encouraging.
In conclusion, in our opinion multicentric
breast cancer constitutes a new indication
for SNB only without axillary dissection.
Presently, it should still be restricted to
controlled trials given a defined interdisci-
plinary structure, and compliance with the
quality criteria addressed above.
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Breast Cancer Recurrence: Role of Serum
Tumor Markers CEA and CA 15-3

Franco Lumachi, Stefano M.M. Basso, and Umberto Basso

INTRODUCTION

Breast cancer is a heterogeneous, most
frequent disease in women. All patients
with breast cancer may develop progres-
sion or recurrence of the disease, and thus
they need an effective lifelong follow-up
(Lumachi et al., 2001). Breast cancer
recurrence is a significant problem for cli-
nicians. Even patients with early stage of
the disease (stage I-II) have a recurrence
rate of ~ 30%, and local recurrences after
conserving therapy have been reported
from 6% to 12% at 5 and 10 years, respec-
tively (Temple et al., 1999). In spite of
advances in the diagnosis and therapy
achieved over the past decade, a share of
patients with breast cancer still develop
relapse and metastases, from which they
will ultimately die (Cheung et al., 2000).
An early detection and treatment of
recurrence may improve the quality of life
of patients who have undergone curative
surgery and adjunctive therapy, although it
does not seem to have a significant impact
on long-term survival. In patients with
breast cancer, the axillary node status still
remains the main prognostic factor, espe-
cially in those with early-stage disease, but
different factors, enclosing tumor markers

serum levels, are available and potentially
useful (Lumachi et al., 2004).

SERUM TUMOR MARKERS
AND BREAST CANCER

Several molecules or substances can be
detected in the serum of patients with
malignancy: tumor-associated proteins
penetrated into the bloodstream, cytokines,
stimulating or inhibiting factors, and anti-
bodies against antigenic tumor-associated
substances (Stearns et al., 1998). Their
potential use concerns different aspects,
such as determination of cancer risk,
screening, diagnosis, prognosis, prediction
of response to therapy, and monitoring the
course of disease (Stearns et al., 1998;
Lumachi and Basso, 2004). Serum tumor
markers measurements are currently used
in clinical practice, because they reflect
the dynamic evolution of the disease,
and can be easily repeated when required
(Lumachi and Basso, 2004). They are cur-
rently used in detecting recurrence and
monitoring response to therapy, especially
in patients with advanced disease, although
their sensitivity varies widely and the real
value of serial observation of serum tumor
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marker levels remains unclear (Bartsch
et al., 2000).

The most common serum markers used
for postoperative monitoring of breast
cancer are carcinoembryonic antigen
(CEA) and cancer antigen 15-3, although
several other markers have been tested.
Unfortunately, aspecific elevation of both
CEA and cancer antigen 15-3 may be
found also in patients with inflammatory
(i.e., diverticulitis, bronchitis), autoimmune
(i.e., sarcoidosis) and other benign diseases
(i.e., hepatitis, cirrhosis, hypothyroidism),
in the presence of lung, gastrointestinal or
neuroendocrine tumors, as well as in smok-
ers and in the elderly (Lumachi and Basso,
2004; Dufty, 2006).

Breast cancer may still relapse after 15
years or more from surgery, and therefore
follow-up of these women should not
be stopped. Many strategies of surveil-
lance have been proposed, but an intensive
and costly program of periodical use of
both imaging techniques (i.e., chest X-ray,
liver ultrasound, bone scan, CT-scan) and
biochemical assessments has not dem-
onstrated to impact on hard clinical end-
points such as overall survival and quality
of life (Khatcheressian er al., 2006). Data
reviewed by the American Society of
Clinical Oncology (ASCO) showed ele-
vated CEA and cancer antigen 15-3 serum
levels in 10-64% and 9-75% of women
with stage [-IV breast cancer, respectively.
The ASCO panel also established and
updated clinical practice guidelines for
breast cancer management and follow-up,
and confirmed the importance of perform-
ing regular history, physical examination,
and mammography for early detection of
breast cancer recurrence. Serum tumor
markers measurement was not recom-
mended by the ASCO panel for routine

F. Lumachi et al.

breast cancer follow-up (Khatcheressian
et al., 20006).

CARCINOEMBRYONIC
ANTIGEN

The carcinoembryonic antigen is a glycopro-
tein discovered in human colon carcinomas
in 1965. It has been the most investigated
marker in breast cancer and several other
malignancies enclosing lung, ovarian, liver,
pancreas, and prostate cancer.

Carcinoembryonic antigen is historically
the first antigenic glycoprotein studied in
breast cancer, and has been considered a
reference to which are compared the new
serum tumor markers. Carcinoembryonic
antigen can be measured by several com-
mercially available kits, both chemilu-
minescence and radioimmunoassay
methods. Usually the cut-off value is Sng/
ml. Nevertheless, the dichotomous divi-
sion into a positive-to-negative cut-off
is often inadequate and differs between
the laboratories. This method does not
emphasize the kinetic parameter of CEA,
which is known to be particularly impor-
tant in breast cancer. Moreover, the assay,
increasing the range of effective measure-
ment, is inevitably affected by imprecision
near the lower detection limit, leading to
changes in sensitivity and specificity due
to different cut-off limits, which likely
cause the variability of results.

Low sensitivity of CEA in both early and
advanced breast cancer was shown, when
compared with other serum tumor markers.
Moreover, measurement of CEA together
with other serum markers only lead to a
slight increase in sensitivity (Cheung et al.,
2000). We did not find any significant rela-
tionship between preoperative CEA serum
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levels and tumor burden, type of recurrence,
surgical procedure, and hormone receptor
rate (Lumachi et al., 2000).

Carcinoembryonic antigen is usually
considered a poor predictor of breast can-
cer recurrence. Elevated CEA serum lev-
els as first sign of recurrence have been
observed, but unfortunately the reported
sensitivity varies widely, and false-positive
results are also found. Its reported sensitiv-
ity ranges from 30% to 70% for visceral and
bone metastases, with a positive predictive
value ranging from 18% to 26%, respec-
tively (Given et al., 2000). Circulating
anti-CEA antibodies may represent a more
sensitive serum tumor marker than CEA,
and their presence seems to be associated
with improved recurrence-free survival
(Haidopoulos et al., 2000).

CANCER ANTIGEN 15-3

Cancer antigen 15-3 (CA 15-3) is the
most widely used serum tumor marker in
patients with breast cancer. The mono-
clonal antibody of the CA 15-3 immu-
noassay recognizes an epitope localized in
amucine glycoprotein encoded by the gene
MUCI. This protein is normally located
on the apical surface of epithelial cells,
but is overexpressed in transformed cells
and shed into the bloodstream. Members
of the same mucine glycoprotein family
may be assessed by other tests such as CA
27-29, MCA, and CA 549, but because
they gave similar diagnostic sensitivity
and specificity, the use of more than one
MUCI antigen is unlikely to confer any
advantage (Molina et al., 2005).

Due to low sensitivity in the presence of
small tumor burden, CA 15-3 has a limited
role in the management of early breast
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cancer, but it is always advisable to perform
a preoperative assessment of this marker
in order to have a baseline value against
which all future results should be compared
(Lumachi and Basso, 2004; Duffy, 2006).
In a cohort of 255 women with early breast
cancer, CEA and CA 15-3 serum levels
were above the cut-off in 17% and 29% of
the cases, respectively, and the overall sen-
sitivity of Serum tumor markers was 38%
(Lumachi et al., 2004). In patients receiving
neoadjuvant chemotherapy, the persistence
of high concentrations of CA 15-3 may be
associated not only with poorer clinical
and pathological response, but also with
increased risk of recurrence (Al-azawi et
al., 2006).

Many attempts have been made in the
past to provide evidence of the ability of CA
15-3 elevation at diagnosis to predict shorter
disease-free and overall survival, but results
were conflicting, and statistical significance
was often lost at multivariate analysis in
the available studies (Lumachi et al., 2001;
Lumachi and Basso, 2004; Dufty, 2006).
Therefore, CA 15-3 is not an independent
prognostic factor in the prediction of risk of
recurrence, and also it has no clinical value in
the early detection of local relapse or second
tumor because of low sensitivity in the pres-
ence of localized disease.

PREDICTION OF RISK
OF RECURRENT AND
LOCOREGIONAL RELAPSE

Increase of CA 15-3 can be found in
50-70% of patients with advanced
breast cancer, especially when the site
of relapse is liver or bone, and a rise of
serum tumor marker levels may precede
radiological alterations in up to 50% of
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the cases (Lumachi and Basso, 2004;
Molina et al., 2005). In a retrospective
analysis made by the International Breast
Cancer Study Group upon 784 recurrences
of breast cancer, only 35% of patients had
increase of CA 15-3. The hazard ratio of
recurrence in women with elevated serum
tumor marker levels was 1.3, but reached
4.7 if a concomitant elevation of alka-
line phosphatase was present (Keshaviah
et al., 2007). The Authors confirmed that
treatment was not decided upon CA 15-3
increase, and survival benefit of marker
testing remained undeterminable. At the
same time, there are reports that meta-
static patients who are always serum tumor
marker negative may have a favorable prog-
nosis, but data from prospective studies
are lacking (Duffy, 2006; Keshaviah et al.,
2007). Increasing the upper normal value,
or considering positive only a serum tumor
marker elevation confirmed by two serial
measurements, may improve specificity to
almost 100%, but then the sensitivity falls
below 5% (Molina et al., 2005; Nicolini
et al., 2000).

Potential cost savings of biochemical
response evaluation compared to radi-
ological criteria have been suggested.
Yet, standardized criteria for response
or progression of serum tumor markers
are not available, and the psychological
distress of patients alarmed by insignifi-
cant changes of marker values has to be
taken into account (Molina et al., 2005).
Unfortunately, periodic measurements of
serum tumor markers may be influenced
by several biases: intra-individual biologi-
cal variations and analytical inaccuracy of
the assay and paradoxical increases due to
tumor lysis lasting as long as 90 days since
chemotherapy administration or treatment
with G-CSF (Molina et al., 2005).
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MONITORING THE RESPONSE
TO THERAPY OF
RECURRENCES

Because serum tumor marker levels may
reflect the extent of tumor burden both in
the localized and in the advanced disease,
serial monitoring of CEA and CA 15-3
has been proposed as a surrogate test for
tumor response. Moreover, some studies
have shown that CA 15-3 changes cor-
relate with response according to radio-
logical and physical examination findings,
and that venous puncture is much more
advantageous for the patient compared to
imaging studies (Duffy, 2006). It has also
been advocated that CA 15-3 should be
assessed before each chemotherapy cycle
in metastatic breast cancer in order to
monitor accurately the status of disease,
and to enable oncologists to take earlier
treatment decisions regarding continuation
of effective drugs or suspension of ineffec-
tive ones. However, up to 20% of patients
with progressive disease do not show a
relevant increase in serum tumor markers,
and in >30% of those responsive to therapy
a reduction of CA 15-3 serum levels is not
observed (Lumachi and Basso, 2004).
Unfortunately the assumption that an
early change of therapy before radio-
logical or clinical evidence of progression
might improve overall survival of patients
has not been documented in randomized
trials. Moreover, the tumor response may
sometimes be achieved after several cycles
of chemotherapy, and there is the risk
that changing treatment too early deprives
patients of active drugs. For all these
reasons, the variation of CA 15-3 is not
comprised within international response
evaluation guidelines, and serum tumor
marker measurements are rarely quoted
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in phase II or III studies of chemotherapy
in advanced breast cancer. However, in
patients with bone metastases, neoplastic
effusions and irradiated lesions, CA 15-3
may be the only measurable tumor-related
parameter.

CONCLUSIONS

The measurement of serum tumor mark-
ers may give relevant but not conclusive
information in patients with breast cancer.
From early studies it was clear that no sin-
gle blood marker would suffice for diag-
nosing disease relapse and monitoring the
therapeutic response of therapy (Cheung
et al., 2000). CA 15-3 has a higher sensi-
tivity than CEA, but a similar specificity.
However, combining different markers has
been shown to be better than any single
marker, and the most widely adopted rec-
ommendation is the combination of CEA
and CA 15-3 (Cheung et al., 2000; Duffy,
2006; Lumachi et al., 2000).

The idea that earlier diagnosis improves
survival is closely dependent on the bio-
logical conviction that the smaller the
tumor, the more likely will be the response
to systemic chemotherapy, due to reduced
probability of genetic alterations leading
to multidrug resistance. Yet, proof that
early detection and treatment of metastatic
breast cancer ultimately improves survival
is still lacking. The most probably expla-
nation is that, apart from occasional long-
term remissions achieved with aggressive
polychemotherapy and/or surgical consoli-
dation, metastatic breast cancer remains
an incurable disease, and in these patients
usefulness of serum tumor markers is lim-
ited, especially when distant metastases
have already been suspected by clini-
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cal, radiological, and biochemical data.
The improved survival reported in some
studies performed on patients in whom
the relapse is found after CA 15-3 eleva-
tion, might reflect a lead-time bias rather
than a real improvement of tumor control
achieved by earlier start of chemotherapy
(Lumachi and Basso, 2004; Dufty, 2006).
Moreover, treatment decisions are rarely
modified according to the way in which
the relapse is diagnosed (marker elevation
versus patient’s symptoms).

Taking all these data together, ASCO
Technology Assessment does not recom-
mend periodical serum tumor marker test-
ing in the follow-up of women operated of
breast cancer, and although they recognize
that this guideline does not supplant phy-
sician judgment and cannot account for
individual variations among patients, they
also underline the potential risks of psy-
chological distress in cases of false-posi-
tive test. However, the European Group on
Tumor Markers suggests that CEA and
CA 15-3 testing should be performed
even in asymptomatic women despite the
impact of the lead time on patients’ sur-
vival is not clear (Molina et al., 2005).
Methodologically, the easiest approach in
detecting a serum tumor markers should
be the sequential use of fixed thresholds
as a means to determine an abnormal test.
Because serum tumor marker may have an
heterogeneous behavior across patients,
the use of a longitudinal algorithm to tailor
the threshold to the individual screening
history could be proposed (Mclntosh
et al., 2002).

In conclusion, there is a general agree-
ment concerning the little clinical useful-
ness of CEA and CA 15-3, both in early
diagnosis of cancer and in detecting breast
cancer recurrence. However, serum tumor
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marker measurements during follow-up
can occasionally assist the clinician in the
managements of patients. Probably, multi-
centric studies design and high-throughput
novel technology discovering highly spe-
cific serum tumor markers will be vali-
dated in the future (Lumachi and Basso,
2004; Li et al., 2005).
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Breast Cancer Patients Before, During
or After Treatment: Circulating Tumor
Cells 1in Peripheral Blood Detected

by Multigene Real-Time Reverse
Transcriptase-Polymerase Chain Reaction

Barbara K. Zehentner

INTRODUCTION

Disseminated tumor cells are considered the
main cause for disease progression and met-
astatic relapse in breast cancer. Histological
and immunological protocols are routinely
used to detect metastatic cancer cells in
lymph node and more recently in bone mar-
row specimens. In addition to conventional
pathology procedures, polymerase chain
reaction (PCR) has already been proposed
over 10 years ago as a sensitive tool to
detect micrometastatic cells by Ghossein
and Rosai (1996). A continuously grow-
ing number of studies have demonstrated
the use of reverse transcriptase polymer-
ase chain reaction (RT-PCR) to detect
neoplastic mammary cells in sentinel and
axillary lymph nodes, in bone marrow and
peripheral blood. Several RNA markers
have been described, including tumor asso-
ciated transcripts (e.g., carcinoembryonic
antigen (CEA) Gerhard et al., 1994), tran-

scripts of epithelial tissue-specific genes
(e.g., cytokeratin 19 and 20 Slade et al.,
1999), mucin family members (e.g., MUCI
de Cremoux et al., 2000) and the breast tis-
sue-specific gene Mammaglobin (hMAM)
by Zach et al. (1999).

Mammaglobin is a promising molecular
marker for breast cancer due to its high
specificity and absence of background
expression in normal hematopoietic tis-
sues (Zach et al., 1999; Corradini et al.,
2001). Mammaglobin was first identified
by Watson and Fleming (1996) as a mam-
mary-specific member of the uteroglobin
gene family. The uteroglobin/Clara Cell
protein family consists of small epithe-
lial, secretory proteins, and has recently
been named secretoglobins with currently
23 known family members (Klug et al.,
2000). All six human member genes
are localized on chromosome 11 and
form a dense cluster (Ni et al., 2000).
Mammaglobin overexpression has been
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reported in 70-80% of primary breast can-
cer (Min et al., 1998; Colpitts et al., 2001)
and in metastatic breast tumor specimens
(Watson et al., 1999; Fleming and Watson,
2000; Leygue et al., 1999; Houghton et
al., 2001).

This chapter will outline the application
of a multigene real-time RT-PCR assay
detecting mammaglobin and additional
marker genes to increase detection sen-
sitivity for circulating breast tumor cells
in peripheral blood. Three genes, B305D,
y-aminobutyrate type A receptor T subunit
(GABAr) and B726P, which complement
the expression profile of mammaglobin in
breast cancers were identified by Houghton
et al. (2001) and Jiang et al. (2002). The
novel gene designated as B305D is pre-
dicted to be a type II membrane protein.
GABAT has been reported as a member of
the GABA, receptor family by Hedblom
and Kirkness (1997). B726P is a novel
gene located on chromosome 10 with
several different putative open reading
frames yielded by mRNA splicing. One
of these splice forms has been identified
by Jager et al. (2001) using reactivity with
autologous breast cancer patient sera and
referred to as NY-BR-1.

The development of a multigene RT-
PCR assay detecting the expression
profiles of mammaglobin and these three
genes simultaneously was described by
Zehentner et al. (2002). High specificity
and sensitivity were demonstrated for this
assay in breast cancer lymph node analy-
sis. Two additional studies demonstrated
the application of this assay using periph-
eral blood specimens in a clinical oncol-
ogy setting and its ability to detect and
monitor patient specimens before, during,
and after adjuvant therapy treatment. The
methodology and results of these two stud-
ies will be summarized in this chapter.

B.K. Zehentner

MATERIALS AND METHODS

Tumor Cell Enrichment from Peripheral
Blood

Ten milliliters patient blood were drawn
into EDTA containing vaccutainers and
processed within 3h. Next, RosetteSep™
CDA45 depletion cocktail for enrichment of
circulating epithelial tumor cells (StemCell
Technologies Inc., Vancouver, Canada)
was added (at a concentration of 50 ul/ml
of whole blood) to the vaccutainer and
incubated at room temperature for 20 min.
The antibody-treated blood was then
transferred into Sigma Accuspin System-
Histopaque-1077 tubes (Cat. No. A6929,
Sigma Chemical Co., St. Louis, MO) and
centrifuged for 10min at 1,000 x g to
separate the human epithelial cells from
the hematopoietic cells antibody cross-
linked to red blood cells. The cell layer
was collected, washed once with PBS, and
cell pellets were re-suspended with 1.5 ml
mRNA isolation (Roche, Indianapolis, IN)
lysis buffer.

RNA Extraction and cDNA Synthesis

The tumor cell enriched blood cell lysates
were processed according to the manufac-
turer’s manual (Roche mRNA isolation
kit). mRNA was eluted with 25 pl nucle-
ase-free H,O and reverse transcribed into
cDNA using oligo(dT) primers (Gibco)
and 8 ul Superscript Reverse Transcriptase
(Invitrogen, Carlsbad, CA) in a final
volume of 120 ul.

Multigene Real-Time RT-PCR

Specific primers and 6-carboxy-fluorescein
(FAM)-labeled TagMan® were designed
to cross intron-exon junctions in order to
exclude genomic DNA from amplifica-
tion. Expression levels were measured by



10. Breast Cancer Patients Before, During or After Treatment

quantitative real-time PCR using the ABI
7700 Prism™ sequence detection system
(Applied Biosystems, Foster City, CA).
Primer sequenes used for mammaglobin
were Forward 5’-tgccatagatgaattgaaggaatg
at 100nM, Reverse 5’-tgtcatatattaattgcat-
aaacacctca at 100nM and Probe 5’-tcttaac-
caaacggatgaaactctgagcaatg at 4 pmol. Primer
sequences for GABAm were Forward 5’-
caattttggtggagaacccg at 300nM, Reverse 5'-
gctgtcggaggtatatggtg at S0nM and Probe
5’-catttcagagagtaacatggactacaca at 4pmol.
Primer sequences for B305D were Forward
5’-tctgataaaggccgtacaatg  at  300nM,
Reverse 5’-tcacgacttgctgtttttgetc at 50nM
and Probe 5’-atcaaaaaacaagcatggcctcacac-
cact at 4pmol. Primer sequences for B726P
were Forward 5’-gcaagtgccaatgatcagagg at
100nM, Reverse 5’-atatagactcaggtatacacact
at 100nM and Probe 5’-tcccatcagaatc-
caaacaagaggaaga at 4 pmol.

Actin expression was measured in sep-
arate singleplex reactions as a quality
control for blood cDNA samples. Actin
primers used were Forward 5’-actggaacg-
gtgaaggtgaca at 300nM, Reverse 5'-
cggccacattgtgaactttg at 300nM and Probe
5’-cagtcggttggagcgageatcce  at 4 pmol.
Specimens with actin expression < 50
copies were excluded from analysis.

Fifty PCR cycles were performed with
TagMan® 1,000 Rxn PCR Core Reagents
(Part. No. 430 4439, Applied Biosystems,
Foster City, CA) using 0.0375 U/ul TaqGold,
1x Buffer A, SmM MgCl, 0.2mM dCTP,
0.2mM dATP, 0.4mM dUTP, 0.2mM
dGTP, 0.01U/ul AmpErase UNG, 8% (v/v)
glycerol, 0.05% (v/v), gelatin, 0.01% (v/v)
Tween20. PCR conditions were one cycle at
50° for 2min, one cycle at 95° for 10min, 95°
for 15s and 60° for 1 min and 68° for 1 min
for 50 cycles. Multigene copy numbers were
calculated by constructing a standard curve
using TagMan® SDS analysis software from
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serial dilutions of four plasmids containing
target gene cDNA sequences. Final copy
numbers were determined as medians of
triplicate reactions. Triplicate reactions were
pooled and a 20l aliquot was separated by
agarose electrophoresis using a 4% E-Gel
(Invitrogen). Gene identities were deter-
mined according to amplicon size.

RESULTS AND DISCUSSION

In the study reported by Zehentner et al.
(2004) peripheral blood samples from 147
untreated Senegalese women with biopsy-
confirmed breast cancer were tested by the
multigene real-time RT-PCR assay. In 77%
of the breast cancer blood samples, a posi-
tive signal was obtained. The associations
between detection of gene transcripts in
peripheral blood and tumor characteristics
were examined. Interestingly, the detection
of the four gene transcripts was associated
with stage of disease (p = 0.03), being
present in 53% of those with stage II, 82%
of those with stage III, and 87% of those
with stage IV breast cancer. The detection
of any of the four genes included in the
multigene assay in peripheral blood was
not significantly associated with increasing
tumor size (p = 0.4). Likewise, detection
of mammaglobin transcripts, alone, were
not associated with tumor size (p = 0.4).
However, peripheral blood detection of
GABAr alone was associated with tumor
size (p <0.001, test for trend) with no
expression in patients with small tumors
(2-5cm, n = 30), expression in 14% of
medium tumors (6-9cm, n = 22) and in
40% of largest tumors (10cm or greater,
n = 30). In addition, GABAm was not
detected in stage I, II, or IIIA cancers,
but was expressed in blood samples from
29% of those with stage IIIB or IV disease
(p = 0.004, test for trend). Mammaglobin
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(p = 0.07) and GABA® (p = 0.05) were
each marginally associated with increased
nodal involvement; only 20% of those with
NO disease were positive for mammaglobin,
compared to 60-70% of those with N1
or N2 disease. Similarly, 10% of women
with NO or N1, as compared to 29% of N2
had GABAr detected in blood samples.
The sensitivity of the multigene assay was
increased with increasing cancer stage, but
the detection of mammaglobin transcript
alone was only marginally associated with
increased nodal involvement and not to
other tumor or patient characteristics. Our
findings agree with a recent study by Lin
et al. (2003), which evaluated the corre-
lation between mammaglobin expression
in peripheral blood and known prog-
nostic factors for breast cancer patients.
Whereas mammaglobin mRNA expression
was frequently shown to be increased in
patients with unfavorable prognostic fac-
tors (tumor size, stage), no significant
differences could be confirmed. The same
group also reported that the combination of
mammaglobin mRNA detection with CEA
or CAI5.3 increased the sensitivity from
54% of 33 metastatic breast cancer patients
to 81% and 90% respectively, suggest-
ing mammaglobin mRNA as a potential
adjunct to routinely used serum markers.
The patient population of this study con-
sisted of a large number of Senegalese
women with untreated breast cancer, almost
all of whom had breast cancer which had
already metastasized to regional lymph
nodes. Given this, it was anticipated that
these women had a high likelihood of hav-
ing circulating tumor cells present. On the
other hand, the study population evaluated
is not representative for newly diagnosed
breast cancer patients in the United States.
Although mammaglobin tissue expression

B.K. Zehentner

has been shown in ~80% of breast can-
cers, previous studies reported by Zach
et al. (1999), Gruenewald et al. (2000)
and Bossolasco et al. (2002) in patient
blood reported detection of mammaglobin
transcript in 25-54% of those with, and
in 10-25% of patients without metastatic
breast cancer. In this study we found mam-
maglobin transcripts in 61% of single blood
samples from breast cancer patients. This
increased rate of detection may be related
to the fact that the patients examined were
untreated while many of the women exam-
ined in previous studies had undergone
chemotherapy. Treatment may lower the
number of circulating tumor cells. The addi-
tion of the three transcripts detected in the
Multigene RT-PCR assay increased blood
based detection of circulating cells from
61% to 77% of women with breast cancer.
Demographic and behavioral character-
istics were also examined in association with
detection of gene transcripts in periph-
eral blood. Detection of mammaglobin
or other transcripts did not vary signifi-
cantly with the age or gravidity of the
patient; however, detection of transcripts
of GABAr was inversely associated with
menopausal status, as 28% of premeno-
pausal compared to 9% of postmenopausal
women with breast cancer had transcripts
of GABAr detected in peripheral blood
(p=0.02). Interestingly, GABA 1t transcripts
were also more often present in breast
cancer patients with larger tumors, nodal
involvement, and advanced overall tumor
stage. These findings demonstrate a pos-
sible application of this marker to monitor
disease progression and treatment efficacy
in particular in pre-menopausal patients.
An additional study reported by
Zehentner et al. (2006) evaluated the util-
ity of this multigene real-time RT-PCR
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assay for detecting circulating tumor cells
in peripheral blood specimens of United
States breast cancer patients during and
after treatment. 172 blood specimens from
82 breast cancer patients for the presence
of circulating tumor cells were exam-
ined using the multigene real-time RT-PCR
assay. In 63.4% of the blood samples a
positive signal for mammaglobin and/or
three breast cancer associated gene tran-
scripts was detected. 75.6% of breast can-
cer patients had at least one positive blood
sample. Different levels of expression sig-
nal were detected in the patient categories
stage I and stage I[I-I'V with no evidence of
metastasis in comparison to patients with
current metastatic disease. The average
real-time multigene signals detected in
patients with metastatic disease was eight
times higher than in stage II-IV patients
with no evidence of metastasis and thirty
times higher than in stage I patients with
no metastasis. In addition, detection rate
was also increased with stage and pres-
ence of metastasis. A positive expression
signal indicating circulating tumor cells
was detected in 65% of stage I with no
current disease, in 72% of stage -1V
patients with no metastasis, and in 88.5%
of patients with current metastatic spread.
Analyzing multiple blood draws from
single patients increased the sample reac-
tivity by 12%. One reason could be that
multiple blood samples increase the like-
lihood of detecting micrometastasis in the
blood. In addition, response to treatment
could cause fluctuating levels of dissemi-
nated tumor cells in the blood stream.

In addition, peripheral blood specimens
of 53 healthy, female donors were tested as
normal controls. Only two samples tested
positive for mammaglobin expression by
gel electrophoresis with very low multigene
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RT-PCR copy numbers. One of the positive
donors was pregnant in her first trimester.
It is possible that hormonal changes influ-
encing cell proliferation in the breast tissue
during pregnancy might lead to upregula-
tion of mammaglobin expression and in
addition to cell dissemination in the blood
stream. Further specimens from pregnant
and nursing women have to be examined
to investigate this relationship.

During this study two patients were
monitored over the time course of 17
months during treatment. The first three
blood draws from a breast cancer patient
with stable disease on hormone therapy
treatment tested negative for circulating
tumor cells using the multigene RT-PCR
assay. However, a signal was detected
by the multigene RT-PCR in a peripheral
blood specimen 8 months prior to clinical
diagnosis of liver metastasis.

Blood samples from another patient with
stage IV invasive ductal carcinoma were
analyzed for breast cancer specific gene
expression by the multigene RT-PCR assay.
The patient received several courses of
chemotherapy for the treatment of liver and
bone metastasis and was initially diagnosed
with stable disease. No signal was detected
by the multigene RT-PCR assay in the first
peripheral blood specimen; however, the
following specimen drawn 1 month prior to
diagnosed disease progression tested posi-
tive by the multigene assay. Chemotherapy
was changed and the clinical disease sta-
tus was reported as stable. No multigene
expression signal was detected by real-time
PCR in the next two subsequent blood
samples. However, a later specimen, 6
months prior to additional clinical disease
progression tested positive.

In these two patients, the occurrence
of circulating tumor cells preceded dis-
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ease progression and observation of addi-
tional metastasis. This finding demonstrates
the potential application of circulating
tumor cell detection to evaluate treatment
response. In a recent study, Weigelt et al.
(2003) showed that the presence of circulat-
ing tumor cell mRNA in peripheral blood
predicts significantly shortened survival.
Ninety-four breast cancer patients with
metastatic disease were studied using real-
time RT-PCR assays for four genes (CK19,
plB, PS2, EGP2), whereas in 31% of the
patients circulating tumor cells could be
detected.

Moreover, it is interesting to note that
in two patients a change of gene expres-
sion in the circulating tumor cells was
detected after the chemotherapy regimen
was altered. Potential clonal selection due
to therapy could also cause changes or
specific loss in the tumor marker expres-
sion profile. Therefore, the detection and
molecular analysis of micrometastatic
cells could provide an important tool to
assess the status of residual disease for
future individualized antibody and vaccine
therapy applications.

In summary, the two studies outlined
in this chapter demonstrate the potential
utility of a mammaglobin multigene RT-
PCR assay to detect circulating tumor
cells in breast cancer patients before, after,
or undergoing treatment and its poten-
tial application for monitoring therapy.
It can be concluded that optimized RT-
PCR assays might be valuable tools to
detect and monitor circulating breast can-
cer tumor cells. As shown by Cristofanilli
et al. (2004) in a prospective, multicenter
study, circulating tumor cells are the most
significant predictors of progression-free
and overall survival in metastatic breast
cancer.

B.K. Zehentner
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Breast Cancer Patients: Diagnostic
Epigenetic Markers in Blood

Qinghua Feng and Nancy B. Kiviat

INTRODUCTION

Epigenetic changes are defined as changes
of gene expression without changes in
the DNA sequence. Both DNA methyla-
tion and histone modifications are essen-
tial in normal mammalian development.
Recently, it has been shown that epigenetic
alterations play an important role in tum-
origenesis and represent alternative means
of activation of tumor oncogenes, inactiva-
tion of tumor suppressor genes, and induc-
tion of genomic instability (Jones and
Baylin, 2007). During the last 2 decades,
much effort has been focused on the role
of DNA methylation changes in cancer
development and their utilities in cancer
detection. It is now clear that histone
modifications are an integral part of the
epigenetic programming.

DNA methylation, referring here to the
addition of a methyl group to the cytosine in
the cytosine-phosphate-guanine (CpG) dinu-
cleotides, plays an important role in normal
development, genomic stability, and regula-
tion of gene expression. In normal cells, the
majority of CpG dinucleotides is located in
the repetitive sequences of the genome and
methylated. Approximately, 50% of house-
keeping genes contains a CpG rich region

(called the CpG island) in their promoter
region, which is not methylated regardless
of whether the gene is transcribed or not.
On the contrary, tumor cells are character-
ized by both global hypomethylation and
gene-specific hypermethylation (Jones and
Baylin, 2007). Hypomethylation of repeti-
tive sequences leads to genome instability,
while promoter hypermethylation leads to
transcriptional silencing of many tumor sup-
pressor genes, with similar consequence as
genetic mutations.

Histone modifications, referring to acetyla-
tion, methylation, phosphorylation, ubiquitina-
tion, and sumoylation of amino acids in histone
tails, collectively form histone codes that link
various chromatin structures to gene expres-
sion states. Accumulating evidence suggests
that acetylation and methylation of different
lysine and arginine residues in histones H3 and
H4 are associated with either transcription-
ally active or transcriptionally repressed states
of gene expression. For example, acetylated
histones are associated with transcribed genes,
while deacetylated histones are associated with
silenced genes. Methylated lysine 9 (K9) or
K27 on H3 and K20 on H4 are generally
associated with transcription repressed genes,
whereas methylated K4, K36, and K79 are
found mainly in active chromatin (Kouzarides,
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2007). Global profiling of histone modifica-
tions identified loss of acetylation of lysine 16
(K16) and trimethylation of lysine 20 (K20) on
H4 a common hallmark of human tumor cells,
and these changes appear early and accumulate
during tumor development. Further, emerg-
ing data suggests that chromatin states can
directly affect DNA methylation, either induc-
ing de novo DNA methylation or demeth-
ylation (D’ Alessio and Szyf, 2006). Therefore,
specific combinations of histone modifications
at specific loci might have use for cancer diag-
nosis. However, there are currently no available
technologies to detect histone modifications for
clinical assays.

UTILITY OF DNA METHYLATION
MARKERS IN CANCER DETECTION

There is a great deal of interest in the
potential of aberrant DNA methylation
as a cancer biomarker for early detection
of cancer, cancer staging, and response to
therapy (Jones and Baylin, 2002). Aberrant
DNA methylation has been reported in
virtually every tumor type tested and is
an early event in tumorigenesis, occurring
in precursor lesions of many cancer types
(Esteller et al., 2000).

Technically, there are advantages
of using DNA methylation changes as
biomarkers. First, DNA is relatively stable
during specimen collection, storage, and
manipulation. DNA can be readily ampli-
fied by polymerase chain reaction (PCR)
and therefore a minimal amount of clinical
material often provides a sufficient quantity
of DNA for analysis. Second, detection of
DNA methylation has the highest analytical
sensitivity against a background of normal
DNA, compared to gene mutations and loss
of heterozygosity (LOH) markers (Goessl
et al., 2002). Finally, unlike gene muta-
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tions that are typically scattered through-
out the entire coding region, making it
difficult to detect all DNA mutations in a
simple and cost-effective manner, DNA
methylation changes always occur in the
same location in the promoter region, thus
facilitating the development of clinically
useful assays.

IDENTIFICATION OF DNA
METHYLATION MARKERS

DNA methylation markers for a spe-
cific type of cancer can either be identi-
fied through a candidate gene approach
or through genome-wide profiling.
Currently, there are more than 100 genes
reported being methylated in various
types of cancers (Esteller, 2007). Early
studies have been focused on the util-
ity of a few of these genes in cancer
detection. More recently, genome-wide
profiling of DNA methylation has been
used to identify novel cancer specific
methylation markers. Global DNA meth-
ylation changes can be detected by uti-
lizing methylation-sensitive restriction
enzymes, which cleave unmethylated
CpG islands but leave methylated CpG
islands intact. Differentially methylated
CpG loci are then detected by various
subtractive hybridization methods (Jones
and Baylin, 2002), including methylation-
sensitive arbitrarily primed PCR (MS-
AP-PCR), restriction landmark genomic
scanning (RLGS), methylated CpG island
amplification-representational difference
analysis (MCA-RDA), and differen-
tial methylation hybridization (DMH).
Detailed mapping of individual CpGs
can be achieved by combining sodium
bisulfite conversion and methylation-spe-
cific oligonucleotide-based microarrays
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(CpG island arrays). After bisulfite modi-
fication, DNA is amplified by PCR and
then hybridized to an oligonucleotide
array to allow discrimination of bisulfite-
converted unmethylated (TpG) from
methylated (CpG) at specific CpG sites.
The disadvantage of these approaches is
that the sequences surveyed are limited
to those that contain specific restriction
sites, and only ~ 10% of CpG islands are
interrogated by these methods.

Methylation-silenced cancer associ-
ated genes can also be identified through
the use of epigenetic modifying agents
such as 5-aza-2'-deoxycytidine (DAC, a
DNA methylase inhibitor) and trichostatin
A (TSA, a histone deacetylase (HDAC)
inhibitor), followed by expression micro-
array analysis of reactivated genes (Jones
and Baylin, 2002). This approach has
been successfully used to identify novel
methylated genes in cervical, colorec-
tal, pancreatic, prostate, and head and
neck cancers. In cervical cancer, six genes
(SPARC, TFPI2, RRAD, SFRP1, MTIG,
and NMES1) were identified that are
methylated in cancer tissues but not in
normal tissues (Sova et al., 2006). One
drawback of this approach is that not all
genes methylated are reactivated by the
DAC/TSA treatment; and not all genes
reactivated by the treatment are methyl-
ated. Further, only abundant transcripts
can be identified by the expression array,
and genes expressed at a low level are
missed by this approach.

Currently, the state of art approach for
global methylation profiling uses either
5-methylcytosine antibody or methyl-
binding proteins (MBDs) to preferentially
enrich for methylated DNA. Subsequently,
these DNA targets are identified through
genomic tiling array hybridization. Using
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this approach, it has been demonstrated
that promoter sequences and gene func-
tions are major predictors for DNA meth-
ylation in normal cells (Weber et al.,
2007), while tumor-specific methylated
genes belong to distinct functional cat-
egories, have common sequence motifs in
their promoters, and are found in clusters
on chromosomes (Keshet et al., 2006).
When applied to lung cancer cell lines,
several homeodomain containing genes
are identified being methylated in lung
cancer (Rauch ef al., 20006).

Lastly, because DNA methylation and chro-
matin states are interrelated, genes silenced
by DNA methylation are usually associated
with heterochromatins, and heterochromat-
ins can be mapped using heterochromatin
binding proteins and histone modifications
associated with inactive genes. Global het-
erochromatin regions can be identified by
chromatin immunoprecipitation with anti-
bodies against histone deacetylase, or specific
histone lysine methylation (H3-K9, H3-K27
and H4-K20) (Strunnikova et al., 2005).
These genomic regions are candidate loci for
DNA methylation.

CIRCULATING TUMOR DNA AS
A DIAGNOSTIC TOOL FOR CANCER
DETECTION

Cancer patients have been reported to
contain a higher level of circulating DNA
in their blood than normal healthy indi-
viduals, with 50-80% of such circulat-
ing DNA being derived from tumor cells
(Goessl et al., 2002). Although the origin
of circulating tumor DNA is still not clear,
it is hypothesized that it is released from
dying tumor cells via apoptosis or necro-
sis. Several studies have shown that breast
cancer patients have a higher level of free
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plasma DNA (mean 65-211ng/ml) than
healthy control patients (mean 13-21ng/
ml) (Huang et al., 2006). Further, cancer
specific alterations, including point muta-
tions in either genomic or mitochondrial
DNA, genomic instability markers [meas-
ured by LOH and by microsatellite instabil-
ity (MI)], and epigenetic changes such as
aberrant DNA methylation can be detected
in plasma DNA from cancer patients.
Both p53 mutations and LOH/MI markers
were detected in plasma DNA samples in
breast cancer patients (Schwarzenbach
et al., 2004). Methylation of p16 was also
detected in plasma DNA of breast cancer
patients (Silva et al., 1999a).

Either plasma or serum can be used to
isolate circulating tumor DNA. In general,
the concentration of circulating DNA is
higher in serum samples than in plasma
samples, probably due to contamination
of lymphocyte lysis during serum prepa-
ration (Taback et al., 2004). One study
reported that the amount of circulating
DNA detected in plasma and serum sam-
ples did not correlate and plasma DNA
levels better represent in vivo levels of
circulating DNA (Thijssen et al., 2002).
Fleischhacker er al. (2007) also detected
different levels of methylation in plasma
and serum samples.

METHODS FOR METHYLATION
ANALYSIS

Early DNA methylation analysis methods
relied on differential digestion by methyl-
ation-dependent (only cleaving methylated
DNA) and methylation-sensitive (cleav-
age inhibited by methylation) restric-
tion enzymes coupled with southern blot
hybridization (Dahl and Guldberg, 2003).
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These methods are tedious, time-consuming,
require large amounts of genomic DNA
of high quality, and the data interpreta-
tion is hindered by incomplete enzymatic
digestion. Therefore, these methods have
limited utility in clinical samples. The
current gold standard for DNA methyla-
tion analysis is based on sodium bisulfite
treatment, where unmethylated cytosine
is converted to uracil while methyl-
ated cytosine remains unchanged. Thus,
bisulfite modification converts methyla-
tion differences into sequence differences,
which are then detected using various
detection methods. Combined with PCR
or real-time PCR techniques, the meth-
ylation specific PCR (MSP) (Herman
et al., 1996) and MethyLight assays (Eads
et al., 2000a) have dramatically accel-
erated DNA methylation analysis on
clinical samples.

BLOOD SAMPLE COLLECTION

Either plasma or serum samples can be
used to isolate circulating tumor DNA.
For plasma samples, ~6—-10ml blood
is collected into a purple top tube with
EDTA as the anti-coagulant. Within 4h
of collection, samples are centrifuged
at 800g for 10—15min. The supernatant
(plasma) are collected, and aliquoted
(1 ml each) into 1.8 ml Nunc tubes (VWR,
West Chester, PA). The plasma samples
are stored in a —80°C freezer. For serum
samples, ~6-10ml blood is collected
into a red top tube, without any anti-coag-
ulant. The blood sample is allowed to clot
for 4h, and then centrifuged at 800 g for
10-15min. The supernatant (serum) is
collected and aliquoted (1 ml each) into
1.8 ml Nunc tubes, and stored in a —80°C
freezer.
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DNA ISOLATION FROM BLOOD

Cell-free DNA from plasma or serum sam-
ples can be efficiently isolated using the
proteinase K phenol/chloroform extraction
method. The DNA is finally dissolved in
30ul of TE, and 3ul of DNA solution is
used for the measurement of DNA concen-
tration using the Picogreen dsDNA assay
(Invitrogen, Carlsbad, CA) or quantitative
PCR on B-actin (ACTB) gene.

DNA isolation protocol with proteinase K
phenol/chloroform extraction

Materials and Reagents

1. TE-9 buffer: 1 ml 1 M Tris-HCI, pH9.0;
0.5ml 0.5M EDTA, pHS8.0; 1.25ml
5M NacCl; 97.25ml dH20

2.20% proteinase K solution: 100mg
proteinase K, 5ml TE-9 buffer

3. 10% SDS-PK solution: 100 mg protei-
nase K, 10ml 10% SDS; aliquot and
store at —20°C

4. 1% SDS-PK solution: 5Sml 10% SDS-

PK, 45 ml TE-9 buffer

. PC-8: phenol:chloroform (1:1)

6. Phase lock gel (heavy) (Brinkmann
Instrument, cat.#955154151)

7.7.5M ammonium acetate: dissolve 38.5g
ammonium acetate in 100ml dH20

8. Glycogen (20mg/ml) (Roche Applied
Science, cat.#901-393)

9. 100% ethanol

10. 70% ethanol: mix 70ml 100% ethanol

with 30ml dH20

11. TE buffer: 10mM Tris-HCIl, 1 mM

EDTA (pH 8.0)

|9

Procedure

1. Digest 1ml plasma or serum with 2ml
1% SDS-PK in 48°C water bath for 48h
2. Add 50ul 20% PK three times a day
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3. Add 3ml of PC-8 into each tube

4. Vortex each sample for 1 min to thor-
oughly expose the sample to the PC-8

5. For each sample, aliquot 1ml each to
six 1.5ml Phase Lock Gel Heavy; spin
at 6,000 g for Smin

6. Decant all supernatant (~3ml total)
into a 15ml Falcon tube

7. Add 1 ml ammonium acetate 7.5 M solu-
tion, 2l glycogen (20mg/ml) and 8ml
100% ethanol solution to each sample

8. Gently invert the tube 3-4 times to
thoroughly mix the sample with the

ethanol

9. Allow the tubes to remain at —20°C
overnight

10. Centrifuge the samples for 50min at
5,200 g at 4°C

11. After centrifugation, carefully decant
the supernatant, being very careful that
the pellet remains in the tube

12. Wash the samples by adding 10ml
70% ethanol to each tube

13. Centrifuge samples again at 5,200¢g
for 10 min

14. Decant the solution while retaining the
pellet

15. Allow the tubes to sit, inverted, for
~ 15 min to remove all excess ethanol

16. Resuspend the DNA pellet in 30 ul TE,
let it remain overnight at 4°C

17. Transfer resuspended DNA into 1.5 ml
Eppendorf tubes

Alternatively, commercially available DNA
isolation kits can be used to isolate circulat-
ing DNA. Either QIAamp UltraSens Virus
kit (Cat. #53704, Qiagen, Valencia, CA) or
QIAamp MinElute spin kit (Cat. #57704,
Qiagen, Valencia, CA) can be used to
extract circulating DNA from plasma or
serum samples, following manufacture’s pro-
tocols. DNA from large volumes of plasma or
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serum samples should be isolated using the
QIAamp UltraSens Virus kit. Briefly, using
QIAamp UltraSens kit, circulating DNA
from Iml plasma or serum samples are
first concentrated using isopropanol pre-
cipitation. The pellet is then resuspended
in a small volume of buffer and digested
with proteinase K prior to loading onto a
QIAamp column. By centrifugation, DNA
selectively binds to the QIAamp membrane
as contaminants pass through. The remain-
ing contaminants and enzyme inhibitors
are further removed by centrifugation in
two wash steps, and the circulating nucleic
acids are eluted in low-salt buffer. DNA
from up to 200l plasma or serum sam-
ples can be isolated using the QIAamp
MinElute spin kit. Briefly, plasma or serum
samples are first lysed and digested with
protease under highly denaturing condi-
tions at elevated temperatures, then loaded
onto a QIAamp MinElute column. DNA
is absorbed onto the silica-gel membrane,
washed and eluted in 20 ul low-salt buffer.
DNA concentration is measured using
quantitative PCR on B-actin (ACTB) gene.
Although commercial kits offer quality
control and consistency between batches,
it should be noted that most columns do
not efficiently bind small DNA molecules
(up to 150bp), thus, part of the DNA is
lost during preparation.

BISULFITE CONVERSION

Sodium bisulfite treatment converts unmeth-
ylated cytosine to uracil but does not affect
methylated cytosine, thus the methylation
differences in the samples is converted into
sequence differences, which can then be
detected using various PCR-based methods.
Optimization of bisulfite treatment is key to
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successful experiments, because incom-
plete bisulfite conversion can lead to false
positive results, while prolonged treatment
results in nonspecific DNA degradation.

Two published methods can be used
for sodium bisulfite conversion (Herman
et al., 1996; Weisenberger et al., 2005).
In both methods, high quality genomic
DNA is first denatured, then modified
by 5M sodium bisulfite, desulfonated
with NaOH, then purified using dif-
ferent nucleic acid affinity resins and
resuspended in 80ul LoTris buffer.
Unmethylated control DNA (human
sperm DNA) and in vitro fully methyl-
ated DNA are converted along with
clinical samples to ensure the specificity
of bisulfite treatment.

Bisulfite conversion protocol 1 (Herman
et al., 1996)

Materials and Reagents

1. 3M NaOH: dissolve 120mg NaOH in
1 ml dH20, or mix 0.3ml 10M NaOH
with 0.7ml dH20

2. 2M NaOH: dissolve 80mg NaOH in
1 ml dH20, or mix 0.2ml 10M NaOH
with 0.8 ml dH20

3. 1M hydroquinone (always prepare fresh):
dissolve 0.22g Hydroquinone (Sigma
cat.# H-7148) into 2ml dH2O.

4. Bisulfite-hydroquinone solution (enough
for 16 samples; always prepare fresh):
dissolve 3.8g sodium-metabisulfite
(Sigma cat# S-1516) in Sml dH20, add
1.0ml 1M hydroquinone and 1.4ml 2M
NaOH; heat to 80°C and vortex to dis-
solve; extrapolate if needed for more than
16 samples

5. Wizard DNA clean-up system (Promega
cat # A7280)
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6. 80% isopropanol: mix 40 ml 2-propanol
with 10ml dH20
7. 5M ammonium acetate: dissolve 38.5 g
ammonium acetate into 100 ml dH20
8. Glycogen (20 mg/ml)
9. 100% ethanol
10. 70% ethanol: mix 70 ml 100% ethanol
with 30ml dH20
11. LoTris buffer: 5mM Tris (pHS)

Procedure
DNA-denaturing

1. Dilute 1-2ug DNA in 20ul TE buffer
or water

2. Add 1l salmon sperm DNA (10mg/ml)

3.Add 2ul 3M NaOH

4.Mix and incubate at 50°C for 20 min

Bisulfite conversion

5. Add 500 pl of bisulfite-hydroquinone
solution to each denatured DNA
sample

6. Incubate at 70°C in dark for 3h

DNA clean-up and recovery

7. Assemble syringe barrel, Wizard mini-
column and vacuum manifold
8. Add Iml of Wizard DNA clean-up
resin to the bisulfite converted DNA
and mix
9. Load the whole mixture onto the mini-
column
10. Apply vacuum to draw the solution
through the minicolumn, break vacuum
11. Wash by applying 2ml 80% isopropa-
nol and apply vacuum
12. Vacuum additional 30s after the iso-
propanol runs through
13. Place the minicolumn into a microcen-
trifuge and centrifuge at 14,000 rpm
for 2min
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14. Place the minicolumn into a new
tube and elute DNA with 45ul dH20
heated to 80°C, wait for 1 min

15. Centrifuge at 14,000 rpm for 1 min

16. Remove minicolumn, add Sul 3M
NaOH to the filtrate, mix and incubate
at room temperature for 10 min

17. Add 75ul 5M ammonium acetate and
incubate at room temperature for S min

18. Add 1l glycogen and 325ul 100%
ethanol

19. Precipitate at —20°C overnight

20. Centrifuge at 14,000 rpm for 15 min

21. Decant the supernatant, wash the pellet
with 500 ul 70% ethanol

22. Centrifuge at 14,000 rpm for 10 min

23. Decant the supernatant, speed vacuum
10 min to dry the pellet

24. Resuspend the pellet in 30l LoTris
buffer

Bisulfite conversion protocol 2
(Weisenberger et al., 2005)

Materials and Reagents

1.3M NaOH: dissolve 120mg NaOH
into 1ml dH20, or mix 0.3ml 10M
NaOH with 0.7 ml dH20

2. 2M NaOH: dissolve 80 mg NaOH into
1 ml dH20, or mix 0.2ml 10M NaOH
with 0.8 ml dH20

3. 1M hydroquinone (always prepare
fresh): dissolve 0.11g Hydroquinone
(Sigma cat.# H-7148) into 1 ml dH20

4. 5M sodium bisulfite solution (always
prepare fresh): dissolve 1.9 g sodium-
metabisulfite (Sigma cat.# S-1516) in
2.5ml dH20, add 0.7ml 2M NaOH,
heat to 50°C to dissolve bisulfite, add
0.5ml 1M hydroquinone

5. QIAamp Viral RNA mini kit (Qiagen
cat.# 52904)
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Procedure
DNA-denaturing

1. Dilute 1-2ug DNA in 18 ul TE buffer
or water

2. Denature at 100°C for 10min, centri-
fuge briefly and chill on ice

3. Add 2ul 3M NaOH

4. Mix and incubate at 42°C for 20 min

Bisulfite conversion

5.Add 120ul of bisulfite-hydroquinone
solution to each denatured DNA sample
6. Incubate at 50°C in dark for 16h

DNA clean-up and recovery

7. Add 560ul AVL/carrier RNA buffer
from QIAamp Viral RNA mini kit
and incubate at room temperature for
10min

8. Add 560l 100% ethanol, mix well

8. Load the whole mixture onto a QIAamp
column in two steps, centrifuge at
14,000rpm for 1 min

9. Save the filtrate and reload onto the
same column, centrifuge at 14,000 rpm
for 1 min

10. Wash with 500 ul buffer AW1, centri-
fuge at 14,000 rpm for 1 min

11. Wash with 500 ul buffer AW2, centri-
fuge at 14,000 rpm for 1 min

12. Elute the DNA with 40 ul buffer AVE,
centrifuge at 9,000 rpm for 1 min

13. Repeat step 12

14. Combine both filtrates, add 50 ul 0.2M
NaOH, mix and incubate at room tem-
perature for 15 min

14. Add 1ul 1M HCI

15. Repeat step 7 through step 12

Alternatively, several commercially availa-
ble kits can be used for bisulfite conversion.
These include EZ DNA Methylation Gold kit
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(Zymo Research Corporation, Orange, CA),
EpiTect Bisulfite kit (Qiagen, Valencia, CA),
MethylSEQr Bisulfite Conversion kit (ABI,
Foster City, CA), MethylCode Bisulfite
Conversion kit (Invitrogen, Carlsbad, CA),
MethylEasy kit (Human Genetic Signatures,
Sydney, Australia), and MethylDetector™
kit (Active Motif, Carlsbad, CA).

Although both home-brew methods and
commercially available kits rely on the
same principle of sodium bisulfite reaction,
slight changes in reaction conditions might
cause differences in conversion efficiency.
Currently, very few studies have systemati-
cally compared different bisulfite conversion
methods, and no standard protocol exists.
Thus, discrepancies among different studies
might derive from different conversion proto-
cols. In general, a kit is more expensive, but
it comes with quality control on reagents to
ensure consistent bisulfite treatment results.
Because of the variability of bisulfite treat-
ment efficiency between runs, it is essential
to include both unmethylated (U-DNA) and
methylated (M-DNA) controls along with
clinical samples for the treatment.

SIGNAL DETECTION

Currently the most sensitive detection
methods following bisulfite conversion
are all PCR-based. Methylation specific
PCR is qualitative, while both MethyLight
assay and quantitative multiplex MSP are
semi-quantitative.

METHYLATION SPECIFIC PCR
(MSP) ASSAY

Methylation specific PCR was first reported
by Herman et al. (1996). In principle, two
sets of primers are designed; the unmethylated
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(U) primers will only amplify bisulfite con-
verted unmethylated DNA, while the meth-
ylated (M) primers will amplify bisulfite
converted methylated DNA. Because the
differences between unmethylated and
methylated DNA after bisulfite conversion
are limited, primer design and PCR ampli-
fication conditions are keys for successful
methylation analysis. The primers should
contain a substantial number of non-CpG
cytosines to ensure that only bisulfite con-
verted DNA is amplified. The CpGs cov-
ered by the primers (~ 1-3 CpGs for each
primer) should be located in the 3' region of
the primers to maximize the discriminative
power between methylated and unmethyl-
ated DNA and increase the specificity of
the primer annealing. Alternatively, MSP
primers can be designed using online avail-
able software, such as MethPrimer (www.
urogene.org/methprimer). Because most
CpG islands are GC-rich DNA sequences,
it is recommended that B-mercaptoethanol
is included in the PCR buffer to improve
amplification efficiency. Both the anneal-
ing temperature for a specific primer set
and number of amplification cycles should
be determined empirically on positive and
negative control samples. However, it is not
known whether the amount of unmethyl-
ated DNA 1in a clinical sample affects the
performance of MSP.

The MSP PCR product can be visualized
on either nondenaturing 6-8% polyacry-
lamide gels or 2% agarose gels. The U-
DNA and M-DNA treated along with
clinical samples are ideal control sam-
ples for MSP. The assays are valid if the
U-DNA is only amplified by the U-spe-
cific primers, but not by the M-specific
primers, and M-DNA is only amplified
by the M-specific primers, but not by the
U-specific primers.
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METHYLIGHT ASSAY

Because MSP can not quantify the amount
of methylated alleles, the MethyLight
assay was developed for quantitative
methylation analysis by combining the
MSP assay with quantitative TagMan
technology based real-time PCR. Two
primers and a probe specific for bisulfite
converted methylated DNA are used
in each MethyLight assay (Eads et al.,
2000a). The primers are designed simi-
larly to the M-primers in MSP assays. The
probe should span 2—4 CpGs, preferably
located in the middle of the probe. The
probe is dually labeled with a reporter
dye (6-FAM, VIC, TET, or NED) at the
5" end and a quencher dye at the 3" end
(TAMRA, BHQ or MGB). The probe is
not fluorescent when it is intact, due to
the presence of the quencher dye. During
PCR amplification, the 5°-3" exonucle-
ase activity of the Tag DNA polymer-
ase cleaves the reporter dye from the
quencher dye, resulting in an increase in
the fluorescent signal which is quanti-
tated in each PCR cycle.

A reference gene, usually [-actin
(ACTB), is used to quantitate for input
DNA. Other genes, including MYODI1
and COL2A1, have been used as refer-
ence genes (Eads er al., 2000a; Ogino
et al., 2006). The primers and probe for
the reference gene are designed out-
side the CpG island without encompass-
ing any CpGs, so that samples will be
amplified regardless of the methylation
status of the reference gene. The refer-
ence gene primers and probe set is used
concurrently with each gene specific
primers and probe set. The Percentage
Methylated Reference (PMR) for each
locus 1is calculated by dividing the
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GENE: reference ratio of a sample by
the GENE: reference ratio of in vitro
fully methylated DNA and multiplying
by 100 (Eads et al., 2000b). Each run
contains a no-DNA control to exclude
PCR contamination, and a bisulfite con-
verted unmethylated DNA (human sperm
DNA) for PCR specificity.

The different PMRs reflect either the
difference of methylation density in tumor
DNA or the different amount of tumor
DNA in clinical samples; thus, the assay is
semi-quantitative. Further, the assay can-
not distinguish between a small percentage
of tumor cells with both alleles methylated
and a large percentage of tumor cells with
only one allele methylated.

The advantages of MethyLight assays
are several fold. (1) The MethyLight assay
is more sensitive than conventional MSP.
It is reported that MethyLight has a sen-
sitivity of 1:10,000 (one methylated allele
in 10,000 unmethylated alleles) (Eads et
al., 2000a), while the conventional MSP
has a sensitivity of 1:1000 (Herman et al.,
1996). (2) The MethyLight assay is more
specific than MSP due to the incorporation
of methylation specific probe. However,
MethyLight can only detect fully meth-
ylated molecules, while MSP can also
detect partially methylated molecules,
thus the sensitivity might be reduced. One
study indicated that conventional MSP
was more sensitive to detect methylation
changes in plasma or urine samples from
patients with early stage diseases than
real-time quantitative MSP (Jeronimo et
al., 2002). (3) The MethyLight assay is
more objective than conventional MSP,
and PCR cross-contamination is reduced,
as it does not require post-PCR analysis,
such as gel electrophoresis.
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NESTED POLYMERASE CHAIN
REACTION METHOD

Because circulating tumor DNA is nor-
mally presentin nanograms in body fluids,
nested-MSP was developed to increase
the sensitivity of methylation detection in
clinical samples harboring low amounts
of DNA (Palmisano et al., 2000). The
first round of PCR is performed using
primers that amplify bisulfite converted
DNA, but do not distinguish unmethyl-
ated and methylated DNA, similar to
bisulfite sequencing primers. The PCR
product is subsequently diluted and used
as the template for the second round of
PCR using U and M specific primers.
Compared to conventional MSP assays,
the nested MSP assay has a sensitivity
of 1:50,000. Because both unmethylated
and methylated DNA are amplified in
the first round of PCR, the percentage of
methylated DNA can be quantitated in
the second round of PCR as the amount
of DNA amplified by M-specific primers
divided by the sum of DNA amplified by
both U and M-specific primers, as long
as the amplification efficiencies of the U
and M primers are the same. Recently, a
quantitative multiplex nested MSP (QM-
MSP) assay has been developed for this
purpose (Fackler et al., 2004). Instead of
performing nested PCR for each individ-
ual gene, the first round of PCR is multi-
plexed to amplify up to five gene loci. In
the second round of PCR, methylation of
each individual gene is quantitated using
real time PCR. Similar to nested PCR, it
is essential to ensure equal amplification
of both unmethylated and methylated
DNA in the first round PCR in order to
obtain meaningful quantitative data. It is
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estimated that as few as 1-10 methylated
alleles among approximately 100,000
alleles of unmethylated DNA, or 40pg
of methylated genomic DNA in the pres-
ence of 1,500-fold excess unmethylated
DNA can be detected (Fackler et al.,
2004).

POTENTIAL NOVEL METHODS

Although the MethyLight assay is the cur-
rent gold standard for DNA methylation
analysis, it lacks the sensitivity for use as
a clinical blood assay, where tumor DNA
is present in nanogram quantities or less.
The main drawback is the non-specific
DNA degradation associated with bisulfite
conversion. It is estimated that even under
the optimized bisulfite treatment con-
dition, ~ 84-96% of the input DNA is
degraded (Grunau et al., 2001). Several
non-bisulfite approaches have been devel-
oped for methylation detection, relying on
methylcytosine affinity reagents (either
the methyl-CpG-binding domain protein
(MBD2) or 5-methyl cytosine antibody) to
preferentially enrich for methylated DNA
(Rauch and Pfeifer, 2005), then detected
by downstream PCR amplification.

The methylated-CpG island recovery
assay (MIRA) has been developed to
address shortcomings of sodium bisulfite
conversion (Rauch and Pfeifer, 2005). The
assay relies on the ability of methyl-CpG
binding protein 2 (MBD2/MBD3L1) to
selectively pull down methylated DNA,
followed by PCR amplification of the
CpG island of interest. This assay has
been successfully applied to DNA meth-
ylation analysis on cultured cell lines, and
showed a comparable sensitivity and spe-
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cificity to MSP (Rauch and Pfeifer, 2005).
However, it is not clear whether similar
sensitivity and specificity can be achieved
on DNA isolated from clinical specimens.
More recent studies have demonstrated
the feasibility to perform global meth-
ylation profiling using an antibody against
S-methylcytosine to preferentially immu-
noprecipitate methylated DNA (Weber
et al., 2007), suggesting that the 5-methyl-
cytosine antibody might be used to replace
MBD?2 protein in the MIRA assay.

DATA ANALYSIS

Methylation data can be treated as dichoto-
mous or continuous data. Conventional
MSP data are dichotomous (methylated
or unmethylated). The chi square test or
Fisher’s exact test, when appropriate, can
be used to assess the difference in propor-
tions of methylated genes between cases
and controls. On the other hand, both
MethyLight and QM-MSP data can be
dichotomous (methylated or unmethyl-
ated), or continuous, with the latter reflect-
ing the amount of a particular methylation
change for a specific gene. In MethyLight
assay, the Percentage Methylated Reference
(PMR) values described above generally
fall between 0 and 100, however, they can
rise above 100 due to fluctuations in real-
time PCR amplification measurements, or
if the in vitro Sssl treatment is incomplete.
In most studies, the MethyLight data are
treated as dichotomous data using a fixed
cutoff value (PMR below cutoff value as
unmethylated, and PMR equal or greater
than the cutoff as methylated). If PMR zero
is used as the cutoff value, any methylation
including very low level of methylation is
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considered positive for methylation. One
study suggests that a 4% cutoff best dis-
criminated normal and premalignant/malig-
nant tissues (Eads et al., 2000b). This was
further supported by the detailed analysis
correlating methylation data with protein
expression analysis (Ogino et al., 2006).
Because the circulating tumor DNA in
blood is low, investigators have used train-
ing sample set to determine a cutoff value
that best distinguishes case and control
samples, then test them on test sample
set (Hoque et al., 2006). However, little
is known whether these experimentally
determined cutoff values can be utilized in
other independent sample sets, as usually
different cutoff values are reported in dif-
ferent studies. Alternatively, the quantity
of methylation will be modeled based upon
PMR values that have been divided into
four levels: zero (unmethylated), “low”,
“medium”, and “high” levels of meth-
ylation. The latter three are defined by ter-
tiles among positive values. The difference
between levels of methylation in cases
and controls is tested using the chi square
test or Fisher’s exact test (Siegmund and
Laird, 2002).

EXAMPLES OF APPLICATIONS

Many genes in all cellular pathways have
been reported to be aberrantly methylated
at a high frequency in breast tumors but
not in normal breast tissues, including
pl6, GSTP1, CDH1, CCND2, RASSFIA,
RARB, HIN1, TWIST, and APC (Campan
et al., 2006; Esteller et al., 2001; Evron et
al., 2001; Fackler et al.; 2003, Jin et al.,
2001). Several studies have shown that
these aberrant methylated genes can also
be detected in blood samples (serum or
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plasma) from breast cancer patients. Earlier
studies relied on methylation-sensitive
restriction enzyme and PCR amplifica-
tion to detect methylation changes. For
example, pl6 methylation was detected
in 14% of plasma samples from 35 breast
cancer patients (Silva et al., 1999b). The
presence of pl6 methylation 1 year after
mastectomy in some patients suggests
that methylation assay can detect clini-
cally undetectable micrometastatic disease
(Silva et al., 2002). Using conventional
MSP assays, Hu et al. (2003) showed
that methylation of pl6 or CDHI was
present in 25% of plasma samples from
36 breast cancer patients. Dulaimi et al.
(2004) showed that methylation of a panel
of three genes (RASSF1A, APC, and
DAPKT1) was present in 76% of sera from
34 breast cancer patients, including 15
precancerous lesions and early stage can-
cers, but was not present in 28 controls.
Rykova et al. (2004) detected methylation
of APC, RASSF1A, RARB, CDHI1 and
CDH13 at high frequencies (33-47%) in
serum samples from breast cancer patients,
though methylation of CDH1 and CDH13
was also detected in serum samples (17%)
from patients with benign diseases. Jing
et al. (2007) showed that methylation of
BRCALI, p16 and 14-3-3sigma was present
in 27 of 38 (71%) breast cancer patient
serum samples, but not in serum samples
from 20 patients with fibroadenoma or
20 healthy controls (Jing et al., 2007).
Sharma et al. (2007) analyzed methylation
of four genes (pl16, pl4, Cyclin D2, and
Slit2) in 36 breast cancer patients, and 30
(83%) serum samples were positive for
methylation of at least one of these four
genes. Skvortsova et al. (2006) showed
that circulating tumor DNA is present as
both cell-free and cell-bound fractions
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in blood, and methylation of RARB and
RASSFI1 was present in 95% of breast
cancer patients’ blood, in 60% of patients
with benign lesions and absent in healthy
women. Using quantitative MethyLight
assays, Taback et al. (2006) showed that
methylation of RARB, MGMT, RASSFI1
and APC was detected in 9 (27%) of 33
early-stage breast cancer patients’ serum
samples. In a study of 93 African women
with advanced breast cancer using quanti-
tative MSP assays, methylation of a panel
of four genes (APC, GSTP1, RASSF1 and
RARB) had a sensitivity and specificity
of 62% and 87%, respectively to detect
breast cancer in plasma (Hoque et al.,
2006). Several studies also correlated the
presence of tumor specific DNA meth-
ylation changes in breast cancer patient
blood with survival and response to treat-
ment. The presence of methylation of
RASSFI1A and/or APC in serum is asso-
ciated with poor survival (Muller et al.,
2003, 2004a), and the detection of
RASSF1A methylation correlated the
response to adjuvant systemic treatment
(Fiegl et al., 2005).

PERSPECTIVES
AND LIMITATIONS

Recent studies have suggested that detec-
tion of circulating tumor DNA using meth-
ylation markers has great potential for
clinical usage for breast cancer manage-
ment. Similar to genetic alterations, DNA
methylation changes are ubiquitous during
tumor development. It can be used not
only for early cancer detection, but also
for risk assessment, individualization of
therapy, prognosis and monitoring effec-
tiveness of treatment.

137

Caution should be taken when inter-
preting methylation data, as many factors
can affect the sensitivity and specificity
of DNA methylation markers for cancer
detection. Technically, the low number of
starting molecules may result in stochastic
amplification, leading to the generation
of a PCR product that does not accu-
rately reflect the distribution of methylated
and unmethylated molecules in the origi-
nal sample (Dahl and Guldberg, 2003).
Further, a number of potential artifacts and
pitfalls should be carefully considered,
including PCR bias, incomplete conver-
sion of cytosine, and unintended conver-
sion of 5-methylcytosine. Finally, current
assays can only detect fully methylated
sequence regions covered by primers and
probes, but are unable to detect partially
methylated sequences. Biologically, most
methylation markers are tumor-associated
but not tumor-specific. Many of these
tumor specific methylation changes are
present at low frequencies in healthy con-
trols and can become prevalent under spe-
cific normal physiological conditions. For
example, methylation of APC, RASSF1A
and TIMP3 was rarely detected in sera of
healthy women, but was detected in sera
of women in early pregnancy at similar
frequencies as in advanced breast cancer
patients (Muller et al., 2004b). Methylation
of certain genes, such as MYODI1, IGF2
and N33, accumulates with age (Fraga et
al., 2007, Issa, 2003). Although the lack of
complete concordance between methyla-
tion detected in tumor and those detected
in blood can be explained by tumor het-
erogeneity, it is also possible that some
methylation changes detected in blood are
not derived from tumor cells. Only when
we fully understand the biology behind
the origin of DNA methylation, will we
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be able to fully harness the power of this
epigenetic change in clinical settings.

Several studies have shown that DNA
methylation detection in blood has poten-
tial in clinical breast cancer management,
including diagnosis, prognosis and response
to treatment. Larger well-controlled studies
are necessary to validate the usefulness of
current methylation markers. Novel mark-
ers are needed to increase the sensitivity
and specificity of current markers. New
technologies such as bisulfite-independent
methylation detection, microfluidity and
PCR on chip will no doubt be needed for
the transition of epigenetic markers from
the lab to the bedside.
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Breast Cancer Patients: Detection

of Circulating Cancer Cell-Related mRNA
Markers with Membrane Array Method

Shiu-Ru Lin, Jaw-Yuan Wang, Ming-Yii Huang, and Chung-Chi Chen

INTRODUCTION

The diagnosis and the therapy of
early-stage tumors have the potential
to decrease morbidity and mortality
of patients with malignancy. Although
promising advances in imaging technol-
ogy and other diagnostic modalities have
been achieved recently, early diagnosis of
patients with malignancy remains a chal-
lenge for physicians. It was reported by
Weidner (1993) that active angiogenesis
may occur in cancer tissues growing to
2mm in diameter. Evidence is accumulat-
ing that primary cancers begin shedding
neoplastic cells into the circulation at an
early stage (Smirnov et al., 2005); ~ 10°
cells are shed daily per gram of tumor
(Chang et al., 2000). Thus, circulating
tumor cells (CTCs) is a potential source
for the noninvasive and early diagnosis for
cancer patients. O’Sullivan et al. (1997)
indicated that preoperative detection of
micrometastases may reflect either tran-
sient shedding of tumor cells, metastatic
potential, or residual disease, but post-
operative micrometastases are likely to
indicate minimal residual disease. Such

neoplastic cells may be present in the
bloodstream in very low numbers and
would hardly be detected by conventional
methods. Consequently, a sensitive and
powerful method for detection of CTCs
is essential not only to increase the accu-
racy, but also to aid in the development of
a novel non-invasive diagnostic strategy.

LIMITATION OF TRADITIONAL
STANDARD METHOD
FOR DETECTING THE
CIRCULATING CANCER
CELLS

In recent years, several methods, includ-
ing flow cytometry and immunohisto-
chemistry (Giuliani et al., 2005) have
been developed to detect CTCs in the
blood of patients with different types
of malignancies. However, to date, a
high-sensitivity and high-throughput
method for the detection of CTCs is lack-
ing. In colorectal cancer (CRC) many
researchers have demonstrated that diag-
nosis and therapy of early-stage tumors
have the potential to decrease the mor-
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bidity and mortality of CRC patients
(Hermanek, 1995). However, many tra-
ditional clinical diagnostic methods,
such as sigmoidoscopies, colonoscopies,
and double-contrast barium enemas, are
unsuitable for broad screening programs
mainly because of their low general
acceptance and highly-invasive nature
(Frazier et al., 2000). Tests for fecal
occult blood are noninvasive and useful,
especially as an adjunct to sigmoido-
scopies. However, the relatively high
false-positive rates and other problems
have led to a search for more specific
noninvasive tests (Ahlquist and Shuber,
2002). Because early detection is one
of the most effective means of reducing
cancer mortality, the development of a
sensitive, specific, and convenient diag-
nostic method for detection of CTCs at
a very early stage is an issue of utmost
importance (Wu et al., 2006).

The analysis of genetic anomalies has
led to fundamental progress and clinical
advances. The following techniques study
genetic anomalies: Flowcytometry evalu-
ates the quantity of DNA in the nucleus
during the cell cycle. Cytogenetics is the
study of karyotype anomalies by loss
or gain of chromosome material and
structural changes. Molecular biology
gives a means of recognizing chromo-
some losses and in particular allows
the study of oncogenic or antioncogenic
mutations. These anomalies correspond
to alterations found in tumors. Studying
these alterations will allow better predic-
tion of high-risk subjects in high-risk
cancer families (Salmon et al., 1994).
Despite having been proven to be pow-
erful tools, these techniques are limited
due to their ability to monitor only one or
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a few tumor-related molecules for each
specimen in a single test.

DETECTION OF MRNA-
RELATED MOLECULES BY
REVERSE-TRANSCRIPTASE
PCR (RT-PCR)

Hematogenous tumor-cell dissemination
during diagnostic and therapeutic pro-
cedures in patients with CRC has been
demonstrated. Approximately 20-45%
of CRC patients ultimately develop local
recurrence or metastasis following cura-
tive surgical resection. The problem is
caused by tumor cells being shed from
the primary carcinoma prior to or during
operation, which is currently undetected
by standard clinical staging. Fortunately,
the presence of tumor cells in periph-
eral blood can be detected by molecular
methods and is being regarded increas-
ingly as a clinically relevant prognostic
factor.

Metastasis is a multistep process which
requires highly adapted interactions of
tumor cells with host target organs. Cancer
cells detach from the site of primary tumor
and are distributed to hematopoietic of
lymphatic tissue. This can lead to the
appearance of gene transcripts that are not
normally expressed in these host tissues.
Tumor-specific abnormalities present in
the DNA or mRNA of malignant cells can
be detected for the prediction of disease
progression (Ghossein et al., 1999). In
the last decade, numerous groups have
attempted to detect occult tumor cells in
solid malignancies using assays that were,
in the vast majority of cases, directed
against tissue-specific markers. Tissue-
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specific transcripts (mMRNA) were detected
with high specificity in the blood of
patients with malignant solid tumors. The
molecular detection and characterization
of occult tumor cells offer an opportunity
for better stratifying patients with solid
tumors and for developing new prognostic
markers and targeted therapies (Ghossein
and Bhattacharya, 2000).

Using RT-PCR to select some of the
most suitable mRNAs that were assayed
in blood samples from normal subjects
and patients with CRC as possible mark-
ers for the presence of epithelial cells in
the blood can be performed. In our previ-
ous study, we simultaneously examined
human telomerase reverse transcriptase
(hTERT), cytokeratin-19 (CK-19), cytok-
eratin-20 (CK-20), and carcinoembryonic
antigen (CEA) mRNA in the peripheral
blood of 72 CRC patients and 30 healthy
individuals for detecting the presence of
CTCs and evaluate their relationship to
postoperative metastatic relapse. Tumor-
related mRNAs were amplified using
a RT-PCR; in addition, analysis was
carried out to find the correlation with
patients’ clinicopathologic features as
well as the occurrence of postoperative
metastasis. The results show that CRC
patients expressing positive CEA mRNA
in peripheral blood have a significantly
higher risk of postoperative metastasis
(Wang et al., 2006a).

It becomes obvious that it is feasible
to use RT-PCR for the detection of CEA
mRNA, and this may be a promising tool
for early detection of micrometastatic
CTCs in CRC patients. Nevertheless, con-
firmation of CEA mRNA as a prognostic
predictive factor requires the continuation
of patient follow-up (Wang et al., 2006a).
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HISTOLOGICAL REVIEW
OF DEVELOPING A POWER
TOOL FOR DETECTING
CIRCULATING CANCER
CELLS WITH THE
MEMBRANE ARRAY

Reverse transcriptase-polymerase chain
reaction (RT-PCR) is limited to monitor-
ing only a few markers for each specimen
in a single test. Examination containing
quantities of samples or molecular mark-
ers will consume much time and effort. In
addition, most tumors have the character-
istics of heterogeneity, and the degrees of
sensitivity achieved by the mRNA-based
assays reported in the studies detecting
single mRNA markers remain too low for
clinical applications. In contrast, use of
multiple markers in combination has been
demonstrated to be capable of signifi-
cantly raising the sensitivity of molecular
detection for cancers (Hoon et al., 1995;
Taback et al., 2001).

Rapidly developed in recent years, gene
chips are one effective tool to detect
biological molecules. A large amount of
biologically-associated examination can
be done on a small area of material. The
advantages are: (1) Simultaneous fast and
accurate analysis of multiple genes. Its
efficiency is thousand times higher than
that of traditional biochemical examina-
tions, which is a significant improvement
over previous methods. In addition, most
biological responses or diseases involve
the interaction and regulation of multiple
genes, so gene chips can provide research-
ers with wider and more comprehensive
gene information. It also changes the
traditional method of gene study where
one researcher concentrates on only one
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gene for their whole life. (2) The advan-
tages of miniaturization are: Gene chips
need only a small sample, so test results
can be obtained even if the sample is
minute. Furthermore, parallel, simultane-
ous analysis can decrease the consump-
tion of reagents and materials, so the cost
and required amount of sample can be
reduced. (3) Automatic analysis: There
are tens of thousands of closely arranged
molecular microarrays on the gene chip.
Through automatic detecting software, a
large amount of biological molecules can
be analyzed in a short duration, and two
of its major functions (gene quantitation
and research for different genes) can be
utilized for fast and accurate analysis. The
development of the gene chip resolves the
problem of costs and artifacts in traditional
detecting methods, and thus becomes an
important milestone in the field of clinical
diagnosis. However, gene chips and fluo-
rescence scanners for reading test results
are still expensive; therefore, their popu-
larity is still limited. At present, gene chips
are used mainly for research purposes in
laboratories and are not applied clinically
for cancer diagnosis.
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For this reason, it is believed that creat-
ing a low-cost, easily operative and highly
effective system to detect cancer molecu-
lar markers will be a great improvement
in cancer diagnosis. We have developed
the membrane-array method, which uses
the chemical colorimetric method, that
replaces glass chips with the fluorescence
of gene chips and nylon membranes. The
cost and technology threshold is thus
reduced significantly and the original
advantages of the gene chip are also pre-
served. The flowchart of this technique is
as follows (Figure 12.1).

Membrane Array Preparation

We used software to design oligonucle-
otide probe sequences for target genes,
and housekeeping genes served as an
internal control. The newly synthesized
oligonucleotide fragments were dissolved
in DI-water to a concentration of 20mM
and then applied to a BioJet Plus 3,000 nl
dispense system, which blotted the oli-
gonucleotides (50nl per spot and 1.5mm
between spots) on SuPerCharge nylon
membrane sequentially, in triplicate. DMSO

AVAY
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c¢DNA synthesis

1
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Dig-labeled cDNA

FiGure 12.1. The platform

of colorimetric membrane
array method. The flowchart
of detecting mRNAs from
peripheral blood by colorimet-
ric membrane array method
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was also dispensed onto the membrane as
a blank control. After rapid drying and
cross-linking procedures, the preparation
of the diagnostic membrane array was
accomplished.

Preparation of Digoxigenin-Labeled
cDNA Targets and Hybridization

First-strand cDNA targets for hybridiza-
tion were produced by using SuperScript
IT reverse transcriptase (Gibco-BRL)
in the presence of digoxigenin (DIG)-
labeled UTP (Roche Diagnostics GmbH,
Penzberg, Germany). After procedures of
prehybridization and blocking, the chips
were subjected to hybridization. The
lifts were covered with the Express Hyb
Hybridization Solution (BD biosciences,
Palo Alto, CA, USA) containing DIG-
11-UTP-labeled cDNA probes, and then
incubated with alkaline phosphatase-con-
jugated anti-digoxigenin antibody (Roche
Diagnostics). For hybridization, the arrays
were incubated at 42°C for 12h in a
humidity chamber. After washing, the
arrays were exposed to light. For signal
detection, the gene chips were incubated
in chromogen solution containing nitrob-
lue-tetrazolium and 5-bromo-4-chloro3-
indoyl-phosphate (NBT/BCIP) for 15 min.
Subsequent quantification analysis of
each spot’s intensity was carried out by
using AlphaEase® FC software (Alpha
Innotech Corp., San Leandro, CA, USA).
Spots consistently carrying by a factor of
two or more were taken as differentially
expressed.

This technique was first applied in
sensing the activation of the K-ras onco-
gene in the peripheral blood of cancer
patients. The objective of this study was
to develop a diagnostic membrane array
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using activated K-ras oncogene-asso-
ciated molecules as detection targets.
In our previous study, cDNA microar-
ray analysis showed that there were 94
genes differentially expressed in K-ras
mutant stably transfected adrenocortical
cells. In the present study, we obtained
22 up-regulated genes with the closest
relation to the K-ras oncogene through
bioinformatic analysis. Sensitivity and
specificity along with various numbers
of differentially expressed genes on
the diagnostic membrane were calcu-
lated and ROC curves were constructed.
According to the analysis of the ROC
curves, the optimal cut-off point for the
number of differentially expressed genes
was 11, i.e., a diagnostic membrane on
which 11 (or > 11) of 22 genes express-
ing twofold higher than normal levels
was considered to be positive and vice
versa (Chen et al., 2005).

The results revealed that the sensi-
tivity, specificity, and accuracy of the
diagnostic membrane arrays were 83.7%,
90.9%, and 86.8%, respectively. In order
to explore the feasibility and detecting
sensitivity of membrane arrays, we intro-
duced in vitro cultures of K-ras mutant
stably transfected adrenocortical cells
into normal blood specimens to evaluate
our diagnostic membrane analysis. We
found that it could positively detect the
activation of the K-ras gene in 5 ml blood
specimens containing as few as 25 trans-
fected cells. The results demonstrated
that our diagnostic method was highly
feasible. This technique can, therefore,
be applied in clinical diagnosis and is a
test platform with high sensitivity (Chen
et al., 2005).

Although this technique can significantly
reduce the difficulty and cost of experiments
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and help to increase its popularity and
application in the medical marketplace,
the operation and reading of colorimet-
ric methods are easily affected by arti-
facts. Therefore, we are starting to develop
another chemiluminescent gene chip to
detect CTCs in peripheral blood (Figure
12.2). The chemiluminescent method can
provide excellent sensitivity and stability,
and has a low background level and an
extended range of detection. By real-time
luminometric approach, quantitative data
can be obtained to decrease the artifacts in
the colorimetric method. Results from ini-
tial tests reveal that the sensitivity and spe-
cificity of luminescence gene chips were
92% and 93%, respectively, in CTCs in
peripheral blood of breast cancer patients
(Figure 12.3). Furthermore, luminescence
gene chips can detect as few as two cancer
cells per milliliter of blood (Figure 12.4).
The initial results show that luminescence
gene chips can increase the accuracy of
diagnosis as a whole; however, a large
amount of clinical samples from differ-
ent cancers are still required for further
experiments.
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Comparison of Membrane Array
Method with Real-Time PCR

Because real-time PCR is highly accu-
rate and easily reproductive, it is con-
sidered the pinnacle of tumor detection.
Therefore, we further compared the clini-
cal diagnostic value of real-time PCR and
colorimetric membrane array. In the study
of breast cancer, we collected peripheral
blood from 80 healthy females and 102
patients. Real-time PCR and membrane
array were used to detect the expression
of cytokeratin 19 (CK-19), carcinoem-
bryonic antigen (CEA), c-Met, Her2/neu,
and mammaglobin (hMAM) in the blood.
Then we compared the correlation between
data from real-time PCR and membrane
array by linear regression and Pearson
correlation, and the results revealed a
high correlation (r = 0.979, P <0.0001)
(Chen et al., 2006b). In previous study,
we collected samples from 88 patients of
colorectal cancer and 50 healthy individu-
als. Real-time PCR and membrane array
were used to detect the expression of 18
genes associated with colorectal cancer.
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FiGure 12.2. The platform of
chemiluminescent membrane
array method. The flowchart
of detecting mRNAs from
peripheral blood by chemi-
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membrane array. An ROC curve is drawn accord-
ing to the analysis of our experimental results by
Statistical Package for the Social Sciences Version
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FIGURE 12.4. Detective limitation of chemilumines-
cent membrane array. Cell dilution experiments
with the breast cancer cell line MCF-7 for the
detection of the sensitivity of the membrane array.
Five milliliters of normal blood samples were
mixed with a known number of MCF-7 cells (100,
25, 12 and 6 cells) and then subjected to membrane
array. After computer analysis, each 5-ml sample
blood containing at least 12 cancer cells was posi-
tively detected.

High correlation was also demonstrated
between these two methods (r = 0.979, P
< 0.001) (Wang et al., 2006b). Compared
to real-time PCR, colorimetric membrane
array can detect multiple gene targets
simultaneously and therefore saves time
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and cost. For this reason, applying the
colorimetric membrane array technique to
detect CTCs in a patient’s peripheral blood
shows promise for future applications.
Cancer is a leading cause of death world-
wide. From a total of 58 million deaths
worldwide in 2005, cancer accounted for
7.6 million (13%) of all deaths (World
Health Organization, 2005). Early detection
of cancer is one of the goals of cancer treat-
ment; researchers have demonstrated that
early detection is one of the most effective
methods to decrease the incidence and mor-
tality of breast cancer. Early diagnosis can
increase not only the options of treatment,
but also the success rate. Accordingly, if
an accurate diagnostic technology can be
developed to be an adjunctive diagnostic
tool for cancer, this malignancy can be
more effectively diagnosed. Our technique
was developed with this goal; relevant
research has proved that this technique can
provide patients with a simple and comfort-
able examination, increase the general sen-
sitivity and accuracy of examination (Chen
et al., 2005, 2006a, b; Chong et al., 2006;
Wang et al., 2006 a, b; Yeh et al., 2006),
and also decrease artifacts. Providing fast
and effective diagnosis, it has the potential
to become a screening tool of the future and
help patients to obtain timely treatment. We
believe that this technique will become an
invaluable tool in the fight against cancer.

Potential Clinical Application
of Membrane Array Method

Peripheral blood sampling is relatively
easy as a source of tumor markers. In
consideration of maximizing the potential
of these markers in clinical implication,
blood is regarded as an alternative option
when compared to tissue specimens on the
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basis of our recent studies (Wang et al.,
2004a, b; Yeh et al., 2006) and by other
investigators (Ghossein et al., 1999; Mori
et al., 1998) demonstrating either a signifi-
cant overexpression of these markers or a
prominent correlation between the expres-
sion of these markers in tumor tissue and
that in peripheral blood of gastric or color-
ectal cancer patients. For clinical practice,
the mRNA markers from blood samples
have the advantage of being potential
markers in the postoperative surveillance
for cancer patients, whereas those from
tissue samples could not be used as tumor
markers. Therefore, CTCs in peripheral
blood seem to be more feasible as a target
for early detection of cancer patients.

In an attempt to increase the sensi-
tivity of detection of these CTCs, sev-
eral approaches have been extensively
exploited recently. With recent develop-
ments in molecular technology, the use of
PCR, RT-PCR, or real-time PCR assays
now permit sensitive detection of CTCs
in peripheral blood. In fact, accumulated
reports describing the detection of CTCs
in the peripheral blood of cancer patients
have important prognostic and therapeutic
implications (Bepler et al., 2004; Burchill
et al., 1999; Ghossein et al., 1999). Using
RT-PCR or real-time PCR, our previ-
ous investigations have also demonstrated
the clinical significance of CTCs-related
mRNA markers as prognostic markers in
various human cancers (Uen et al., 2006;
Wu et al., 2006). Although these methods
provide useful data, one of the limitations
is that the methodology can analyze only
one molecular target in one experiment.
Consequently, for multiple gene detec-
tion, RT-PCR or real-time PCR is too
time-consuming and laborious to apply
in clinical diagnosis. Additionally, due to
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the heterogeneity of tumor-related genes,
a multi-marker assay is regarded as more
reliable and sensitive than a single marker
assay (Conzelmann et al., 2005; Hoon
et al., 1995; Racila et al., 1998). Likewise,
in our RT-PCR analysis of peripheral
blood for colorectal cancer patients, the
positive rates of hTERT, CK-19, CK-20,
and CEA mRNA for the detection of CTCs
were 69.4%, 66.7%, 52.8%, and, 72.2%,
respectively. However, the detection rate
of CTCs increased to 87.5% using these
four mRNAs concurrently (Wang et al.,
2006). Consequently, a group of candidate
genes related to carcinogenesis would
likely overcome inter-tumoral variations,
and increase the detection rate for CTCs.
With respect to the detection sensitivity
of each mRNA marker in gastric cancer
patients, most investigators indicated about
one to two cancer cells in 1 ml blood sam-
ples, or ~ one cancer cell per 1 x 10° to 2
x10° lymphocytes (Miyazono et al., 2001).
Our detection sensitivity of colorimetric
membrane-array method was five cancer
cells in 1 ml blood using in vitro cell-dilu-
tion test, which was apparently inferior to
previous investigations due to multi-marker
analysis. Nevertheless, for the detection
of each mRNA marker, our colorimetric
membrane-array method was comparable
to that by RT-PCR with a similar detection
limit. Furthermore, the result of the cell
dilution test seemed to consistently reflect
the tumor cell number in blood samples.
Using colorimetric membrane-array
method, we observed that the detection
rates of using single markers for CTCs in
gastric cancer patients ranged from 78.1%
to 82.8%, apparently higher than the results
with RT-PCR (61.9-78.6%) in our previous
observation (Wu et al., 2006) or those in
another investigation from (35.5-51.6%)
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(Huang et al., 2003). Similarly, our recent
works showed that detection sensitivity
(77.1-82.8%, Table 12.1) of the colorimet-
ric membrane-array method is considerably
higher than that of our previous RT-PCR
assay (52.8-72.2%) for the detection of
CTCs in each corresponding molecular
marker for colorectal cancer patients (Wang
et al., 2006a, b).

This colorimetric membrane-array assay
is more accurate in discriminating cancer
patients from normal subjects, with the
advantages being more time-saving and
cost-effectiveness than PCR-based tech-
niques (Chen et al., 2006; Chong et al.,
2006; Wang et al., 2006a, b; Wu et al.,
2006). Presently, real-time PCR has been
widely accepted as a sensitive method in
specifically detecting the expression of
mRNA markers (Mocellin et al., 2003).
Our study also demonstrates that membrane-
arrays are highly significantly correlated
with real-time PCR for the detection
of each target gene expressed in CTCs.
Meanwhile, the sensitivity, specificity, and
accuracy of each gene by membrane-
arrays are closely compatible with real-
time PCR (Chen et al., 2006; Chong et al.,
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2006; Wu et al., 2006). To detect the gene
expression for five markers in peripheral
blood of 102 patients with breast cancer
by real-time PCR, showed the correlation
of the genes expression ratio analyzed
by real-time PCR and membrane-arrays.
There was a highly significant correlation
between these two methods (P < 0.001,
r =0.979) (Chen et al., 2006).

In addition, membrane-arrays outstand-
ing accuracy and striking correlation with
the clinical stage enables its potential
application in the early detection and post-
operative surveillance of gastric, colorectal,
breast,andlungcancerpatients. Furthermore,
the detection of CTCs by membrane-arrays
was observed with a tendency of higher
detection rate in cancer patients with depth
of tumor invasion, lymph node metastasis,
or advanced stage (Wang et al., 2006a).

Similarly, Mori et al. (1998) indicated
that the positive detection rate for tumor-
specific mRNA in peripheral blood sam-
ples increased with the advanced stages
of gastrointestinal malignancies. As ana-
lyzed in combination, expression of more
mRNA markers was more significantly
correlated with the clinicopathologi-

TaBLE 12.1. Sensitivity, specificity, positive predictive value, negative predictive value and accuracy of
each mRMA marker and the combination between colorectal cancer patients and healthy individuals.

Positive Negative
predictive predictive Accuracy
Sensitivity (%)  Specificity (%)  value(%) value (%) (%)
(95% confidence interval)
hTERT mRNA  80.3 (66.7-93.8)  80.0 (66.4-93.6) 88.7 (77.9-99.5) 67.4(51.4-83.4) 80.2
CK-19 mRNA  79.6 (64.0-92.2) 78.8 (64.8-92.7) 88.0(77.0-99.1) 66.3 (50.2-82.4) 79.3
CK-20 mRNA  77.1 (62.7-91.4)  77.5(63.3-91.7) 87.1 (75.6-98.5) 63.3 (46.8-79.7) 77.2
CEA mRNA 82.8 (69.9-95.7) 81.3 (67.9-94.6) 89.7(79.3-100.0) 70.7(55.1-86.2) 82.3
Any one mRNA 924 (83.3-101.4) 67.5 (51.5-83.5) 84.8 (72.5-97.0) 81.8 (68.7-95.0) 84.0
All four mRNA  57.3 (40.4-74.2) 100.0 100.0 544 (374-71.4) 71.7

Source: adapted from wang et al; World J Surg. 30: 1007-1013, 2006



150

cal characteristics than a single marker.
Concomitant molecular analysis for CTCs
with a multi-marker panel is justifiable in
supplementary approaches to the current
pathological staging system, which may
help physicians make judgments that are
more accurate on clinical treatments and
predicting prognosis for cancer patients.
In fact, the membrane-array method could
identify patients at risk of postoperative
relapse, even colorectal cancer patients
with normal perioperative serum CEA lev-
els. Concurrently, cancer patients express-
ing all mRNA markers are found to have a
poorer survival rate (Wang et al., 2006a, b;
Wu et al., 2006). Therefore, the identifica-
tion of CTCs in cancer patients could lead
to novel staging approaches or prognostic
values, or even new treatment modalities.
A high false-positive prediction rate of
postoperative relapse by membrane-array
methods occurred in our previous investiga-
tions (Wu et al., 2006); hence, it indicated
that there is room for the improvement of
this method. First, the high false-positive
rate of membrane array in the prediction of
postoperative relapse may be attributable
to the artifactual expression of mRNA,
notably by macrophages, leukocytes, and
hematopoietic cells (Pantel et al., 1999).
Another cause of a high false-positive
rate, at least in part, might result from the
timing of blood sampling during surgi-
cal procedures (Miyazono et al., 2001),
which probably enhances the relief of
CTCs. A blood sampling procedure car-
ried out after operation can be one way of
overcoming such a problem. Alternatively,
this may be quite reasonable because few
carcinoma cells shed into the bloodstream
succeed in establishing metastatic disease
(O’Sullivan et al., 1997). In addition,
extending the follow-up period may really
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identify patients who ultimately develop
postoperative relapse. In fact, using micro-
array technology and gene-expression pro-
filing to identify more specific markers of
risk of relapse in cancer patients might
be another way to improve the accuracy
of molecular detection methods. Finally,
the concept of serial measurement of
mRNA markers might be probably formed
based on the clinical experience of serum
tumor markers for the follow-up of cancer
patients. However, large scale and long-
term clinical study follow-up is warranted
to confirm these hypotheses.

Incidentally, the false-negative rate of
the membrane-array method in predict-
ing postoperative relapse, at least in part,
might result from CTCs intermittently
flowing into the bloodstream of the bowel
or the heterogeneous character of the
tumor itself (Mori et al., 1998; Sher
et al., 2005; Wang et al., 2006a, b). Using
multiple blood sampling or a refined nor-
malization procedure might improve the
sensitivity of the membrane-array method
(Wharton et al., 1999). On the other hand,
a deficient expression of the marker genes
in micro-metastatic tumor cells or insuf-
ficient numbers of tumor cells in blood
samples may subsequently lead to false-
negatives (Pantel er al., 1999). Thus, it
will be important to define the critical
variables in the methods and to introduce
at least some level of standardization to
allow for more reliable and reproducible
results.

Conversely, some recently published
studies have reported conflicting results
regarding the prognostic value of CTCs
(Bessa et al., 2003; Bosch et al., 2003;
Wyld et al., 1998). A major problem of
most of the published studies is that only
small, inhomogeneous patient groups with
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short follow-up periods were evaluated.
Another important issue concerns the most
adequate time of blood sampling because
some of the studies obtained blood sam-
ples before, during, or immediately after
operation. In fact, blood samples should be
obtained 1 week after operation to accu-
rately represent the real residual CTCs in
peripheral blood. Moreover, the methods
used for CTCs detection also need to be
taken into account, as sensitivity and spe-
cificity are of major importance and may
differ significantly (Koch et al., 2006). It is
conceivable that the biologic significance
of CTCs would depend on the amount of
such cells entering the bloodstream, and
thereafter, quantitative instead of qualita-
tive analysis would be more adequate to
assess the prognostic significance of cancer
patients.

For postoperative follow-up of cancer
patients, serum tumor protein markers are
important diagnostic tools in clinical prac-
tice. For colorectal cancer patients, CEA
has been the most extensively investigated
tumor marker. In fact, serum CEA protein
is currently the most widely used marker
in the surveillance or follow-up of color-
ectal cancer. The monitoring of recurrence
or metastasis in asymptomatic patients
without accompanying serum CEA eleva-
tion after curative resection has rarely
been addressed. In the recent investiga-
tion of 157 stage I-III CRC patients with
normal peri-operative serum CEA levels
undergoing radical resection, we demon-
strated that our constructed colorimetric
membrane-array could detect CTCs in
peripheral blood of CRC patients with
normal peri-operative serum CEA levels
at an earlier stage, with a median time
of 6 months earlier than the elevation of
serum CEA levels. Indeed, 6 months is
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a good lead-time for the introduction of
new therapeutic strategies to possibly cure
these patients. Accordingly, concomitant
molecular detection of CTCs with a multi-
marker panel is a justifiable supplementary
approach to the current pathology staging
system, which may help physicians make
accurate judgment on clinical treatment
and in predicting prognosis. A more inten-
sive follow-up plan may be recommended
for these patients despite normal peri-
operative serum CEA levels after radical
resection.

FUTURE PERSPECTIVE

Identification of early-stage cancer patients
at risk of relapse post-resection remains a
challenge for physicians. For example,
patients diagnosed with early-stage (UICC
stage II) colorectal cancer undergo curative
resection, yet up to 30% of these patients
develop postoperative relapse within 5
years of surgery. For stage III colorec-
tal cancer, surgery and adjuvant chemo-
therapy are standard treatment; however,
adjuvant chemotherapy is not routinely
recommended for stage II colorectal can-
cer. Increasing attention is being focused
on the identification of unfavorable prog-
nostic factors that could aid in making the
decision for or against treatment on the
basis of the relative benefits and risks for
stage II colorectal cancer patients. Indeed,
the clinical outcome of patients with high-
risk stage II disease is similar to that of
patients with stage III disease. With regard
to stage II colorectal cancer, the most
important factors for predicting the risk
of recurrence are emergency presentation
(bowel perforation or obstruction), poorly
differentiated tumor (histological grade),
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depth of tumor invasion, number of exam-
ined lymph nodes, adjacent organ involve-
ment (T4), extramural venous invasion,
and peritoneal involvement.

More recently, there has been an attempt
to identify novel panels of molecular and
biochemical markers that may be used to
more precisely define prognosis and predict
benefit of adjuvant treatment in colorec-
tal cancer. Several retrospective studies
have suggested that a number of molecular
markers may now define patients with a
higher risk of relapse with both stage II
and stage III disease (Allegra et al., 2002;
Ribic et al., 2003; Watanabe et al., 2001).
It is, therefore, of high importance to define
reliable prognostic factors for this patient
group to help identify high-risk patients
(for tumor relapse) who might benefit from
adjuvant therapeutic regimes. Clinical trials
in stage II colorectal cancer patients could
incorporate better risk stratification using
molecular markers. Our constructed mem-
brane-array method could detect CTCs
in 80% of these stage II colorectal cancer
patients with postoperative relapse, with
a median lead-time (the time between the
presence of molecular markers and the
onset of clinically detectable recurrence) of
7 months (data not published). Incidentally,
the lead-time advantage of routine serum
CEA measurement for surveillance of
CRC patients is only 4 months (Northover,
1986). Therefore, it is an approximate
3-month benefit for the earlier prediction of
postoperative relapse when comparing our
membrane-array method and serum CEA
measurement. Consequently, to determi-
nate whether the introduction of adjuvant
chemotherapy for stage II patients with
positive CTCs is advantageous and effi-
cacious would be an imperative issue for
future investigation. Integrating molecular
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markers into therapeutic strategies might
be a crucial step for cancer treatment plan-
ning. Lately, the argument regarding using
CTCs as a promising tool for choosing and
monitoring adjuvant therapy in patients
with early breast cancer has been pro-
posed (Dirix et al., 2005). Ultimately, the
presence of CTCs will probably redefine
the most appropriate treatment and affect
future patient outcome for malignancies.
Nevertheless, large prospective clinical
studies regarding the role of presence of
CTCs in early stage cancer patients in
determining those patients who will ben-
efit from adjuvant chemotherapy should be
conducted.

The concept of cancer screening using
molecular markers, by either DNA- or
RNA-based tests, is gradually being
accepted. For instance, the DNA-based
stool test for the early detection of color-
ectal cancer is now available for use by
physicians to screen their patients for
colorectal cancer. When a cancer grows
in the colon, the tumor sheds cells into
the stool. PreGen Plus tests a stool sample
for 23 DNA markers that are associated
with colorectal cancer and precancerous
polyps (http://genesanddrugs.dnadirect.
com/patients/tests/colon_cancer/what.jsp).
This simple, safe, and convenient test
could possibly replace the conventional
stool occult blood test as a promising
noninvasive screening tool. Meanwhile,
some investigators have demonstrated the
feasibility of detecting early prostate can-
cer, with high sensitivity and specificity,
in body fluids (serum, plasma, urine, and
ejaculates) and tissue samples by using a
set of prostate cancer-related genes (Costa
et al., 2007). Although large, prospective
trials are needed to validate these find-
ings, the clinical use of these markers
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might be envisaged for the near future.
Correspondingly, our constructed mem-
brane-array method can be potentially
useful for early screening of CTCs in the
healthy individuals. The specialized mem-
brane-array would be probably designed
for the early detection of CTCs in each
human cancer, or even multiple human
cancers in one membrane-array with dis-
tinct sections. This is the challenge and
confrontation in years ahead.

REFERENCES

Ahlquist, D.A., and Shuber, A.P. 2002. Stool
screening for colorectal cancer: evolution from
occult blood to molecular markers. Clin. Chim.
Acta 315: 157-168.

Allegra, C.J., Parr, A.L., Wold, L.E., Mahoney, M.R.,
Sargent, D.J., Johnston, P., Klein, P., Behan,
K., O’Connell, M.J., Levitt, R., Kugler, J.W,,
Tria Tirona, M., and Goldberg, R.M. 2002.
Investigation of the prognostic and predictive
value of thymidylate synthase, p53, and Ki-67
in patients with locally advanced colon cancer.
J. Clin. Oncol. 20: 1735-1743.

Bepler, G., Sharma, S., Cantor, A., Gautam, A.,
Haura, E., Simon, G., Sharma, A., Sommers,
E., and Robinson, L. 2004. RRM1 and PTEN as
prognostic parameters for overall and disease-
free survival in patients with non-small-cell lung
cancer. J. Clin. Oncol. 22: 1878-1885.

Bessa, X., Pinol, V., Castellvi-Bel, S., Piazuelo,
E., Lacy, A.M., Elizalde, J.I., Pique, J.M., and
Castells, A. 2003. Prognostic value of postopera-
tive detection of blood circulating tumor cells in
patients with colorectal cancer operated on for
cure. Ann. Surg. 237: 368-375.

Bosch, B., Guller, U., Schnider, A., Maurer, R.,
Harder, F., Metzger, U., and Marti, W.R. 2003.
Perioperative detection of disseminated tumour
cells is an independent prognostic factor in
patients with colorectal cancer. Br. J. Surg. 90:
882-888.

Burchill, S.A., Lewis, LJ., and Selby, P. 1999.
Improved methods using the reverse transcriptase

153

polymerase chain reaction to detect tumour
cells. Br. J. Cancer 79: 971-977.

Chang, Y.S., di Tomaso, E., McDonald, D.M,,
Jones, R., Jain, R.K., and Munn, L.L. 2000.
Mosaic blood vessels in tumors: frequency of
cancer cells in contact with flowing blood. Proc.
Natl. Acad. Sci. 97: 14608-14613.

Chen, C.C., Chang, T.W., Chen, EM., Hou, M.F,
Hung, S.Y., Chong, IL.W., Lee, S.C., Zhou, T.H.,
and Lin, S.R. 2006a. Combination of multiple
mRNA markers (PTTG1, Survivin, UbcH10 and
TK1) in the diagnosis of Taiwanese patients with
breast cancer by membrane array. Oncology 70:
438-446.

Chen, C.C., Hou, M.F,, Wang, J.Y., Chang, T.W,,
Lai, D.Y., Chen, Y.F., Hung, S.Y., and Lin,
S.R. 2006b. Simultaneous detection of multiple
mRNA markers CK19, CEA, c-Met, Her2/neu
and hMAM with membrane array, an innovative
technique with a great potential for breast cancer
diagnosis. Cancer Lett. 240: 279-288.

Chen, Y.F., Wang, J.Y.,, Wu, C.H,, Chen, FM,,
Cheng, T.L., and Lin, S.R. 2005. Detection
of circulating cancer cells with K-ras onco-
gene using membrane array. Cancer Lett. 229:
115-122.

Chong, IL.W., Chang, M.Y., Chang, H.C., Yu, Y.P,
Sheu, C.C., Tsai, J.R., Hung, J.Y., Chou, S.H,,
Tsai, M.S., Hwang, J.J., and Lin, S.R. 2006.
Great potential of a panel of multiple hMTHI,
SPD, ITGA11 and COL11A1 markers for diag-
nosis of patients with non-small cell lung cancer.
Oncol. Rep. 16: 981-988.

Conzelmann, M., Linnemann, U., and Berger, M.R.
2005. Molecular detection of clinical colorectal
cancer metastasis: how should multiple mark-
ers be put to use? Int. J. Colorect. Dis. 20:
137-146.

Costa, V.L., Henrique, R., and Jeronimo, C. 2007.
Epigenetic markers for molecular detection of
prostate cancer. Dis. Markers 23: 31-41.

Dirix, L., Van Dam, P., and Vermeulen, P. 2005.
Genomics and circulating tumor cells: promis-
ing tools for choosing and monitoring adjuvant
therapy in patients with early breast cancer?
Curr. Opin. Oncol. 17: 551-558.

Frazier, A.L., Colditz, G.A., Fuchs, C.S., and
Kuntz, K.M. 2000. Cost-effectiveness of screen-
ing for colorectal cancer in the general popula-
tion. Jama. 284: 1954-1961.



154

Ghossein, R.A., and Bhattacharya, S. 2000.
Molecular detection and characterisation of cir-
culating tumour cells and micrometastases in
solid tumours. Eur. J. Cancer 36: 1681-1694.

Ghossein, R.A., Bhattacharya, S., and Rosai, J.
1999. Molecular detection of micrometastases
and circulating tumor cells in solid tumors. Clin.
Cancer Res. 5: 1950-1960.

Giuliani, L., Ciotti, M., Stoppacciaro, A., Pasquini,
A., Silvestri, 1., De Matteis, A., Frati, L., and
Agliano, A.M. 2005. UDP-glucuronosyltrans-
ferases 1A expression in human urinary bladder
and colon cancer by immunohistochemistry.
Oncol. Rep. 13: 185-191.

Hermanek, P. 1995. pTNM and residual tumor clas-
sifications: problems of assessment and prognos-
tic significance. World J. Surg. 19: 184-190.

Hoon, D.S., Wang, Y., Dale, P.S., Conrad, A.J.,
Schmid, P., Garrison, D., Kuo, C., Foshag, L.J.,
Nizze, A.J., and Morton, D.L. 1995. Detection
of occult melanoma cells in blood with a mul-
tiple-marker polymerase chain reaction assay. J.
Clin. Oncol. 13: 2109-2116.

Huang, P,, Wang, J., Guo, Y., and Xie, W. 2003.
Molecular detection of disseminated tumor cells
in the peripheral blood in patients with gastroin-
testinal cancer. J. Cancer Res. Clin. Oncol. 129:
192-198.

Koch, M., Kienle, P, Kastrati, D., Antolovic, D.,
Schmidt, J., Herfarth, C., von Knebel Doeberitz, M.,
and Weitz, J. 2006. Prognostic impact of hematoge-
nous tumor cell dissemination in patients with stage
II colorectal cancer. Int. J. Cancer 118: 3072-3077.

Miyazono, E., Natsugoe, S., Takao, S., Tokuda, K.,
Kijima, F., Aridome, K., Hokita, S., Baba, M.,
Eizury, Y., and Aikou, T. 2001. Surgical maneuvers
enhance molecular detection of circulating
tumor cells during gastric cancer surgery. Ann.
Surg. 233: 189-194.

Mocellin, S., Provenzano, M., Rossi, C.R., Pilati, P.,
Nitti, D., and Lise, M. 2003. Use of quantitative
real-time PCR to determine immune cell density
and cytokine gene profile in the tumor microen-
vironment. J. Immunol. Methods 280: 1-11.

Mori, M., Mimori, K., Ueo, H., Tsuji, K., Shiraishi,
T., Barnard, G.F., Sugimachi, K., and Akiyoshi,
T. 1998. Clinical significance of molecular
detection of carcinoma cells in lymph nodes
and peripheral blood by reverse transcription-
polymerase chain reaction in patients with gas-

S.-R. Lin et al.

trointestinal or breast carcinomas. J. Clin. Oncol.
16: 128-132.

Northover, J. 1986. Carcinoembryonic antigen and
recurrent colorectal cancer. Gut 27: 117-122.
O’Sullivan, G.C., Collins, J.K., Kelly, J., Morgan,
J., Madden, M., and Shanahan, F. 1997.
Micrometastases: marker of metastatic poten-
tial or evidence of residual disease? Gut 40:

512-515.

Pantel, K., Cote,R.J., and Fodstad, O. 1999. Detection
and clinical importance of micrometastatic dis-
ease. J. Natl. Cancer Inst. 91: 1113-1124.

Racila, E., Euhus, D., Weiss, A.J., Rao, C.,
McConnell, J., Terstappen, L.W., and Uhr, J.W.
1998. Detection and characterization of carci-
noma cells in the blood. Proc. Natl. Acad. Sci.
95: 4589-4594.

Ribic, C.M., Sargent, D.J., Moore, M.J., Thibodeau,
S.N., French, A.J., Goldberg, R.M., Hamilton,
S.R., Laurent-Puig, P, Gryfe, R., Shepherd,
L.E., Tu, D., Redston, M., and Gallinger, S.
2003. Tumor microsatellite-instability status as
a predictor of benefit from fluorouracil-based
adjuvant chemotherapy for colon cancer. N.
Engl. J. Med. 349: 247-257.

Salmon, R.J., Girodet, J., Remvikos, Y., Muleris,
M., Olschwang, S., and Thomas, G. 1994.
Genetic anomalies of colorectal cancers. J. Chir
(Paris). 131: 511-516.

Sher, Y.P., Shih, J.Y., Yang, P.C., Roffler, S.R,,
Chu, Y.W., Wu, C.W., Yu, C.L., and Peck, K.
2005. Prognosis of non-small cell lung cancer
patients by detecting circulating cancer cells in
the peripheral blood with multiple marker genes.
Clin. Cancer Res. 11: 173-179.

Smirnov, D.A., Zweitzig, D.R., Foulk, B.W,
Miller, M.C., Doyle, G.V., Pienta, K.J., Meropol,
N.J., Weiner, L.M., Cohen, S.J., Moreno, J.G.,
Connelly, M.C., Terstappen, L.W., and O’Hara,
S.M. 2005. Global gene expression profiling
of circulating tumor cells. Cancer Res. 65:
4993-4997.

Taback, B., Chan, A.D., Kuo, C.T., Bostick, P.J.,
Wang, H.J., Giuliano, A.E., and Hoon, D.S.
2001. Detection of occult metastatic breast can-
cer cells in blood by a multimolecular marker
assay: correlation with clinical stage of disease.
Cancer Res. 61: 8845-8850.

Uen, Y.H., Lin, S.R., Wu, C.H., Hsieh, J.S., Lu,
C.Y., Yu, FJ., Huang, TJ., and Wang, J.Y.



12. Breast Cancer Patients: Detection of Circulating Cancer

2006. Clinical significance of MUC1 and c-Met
RT-PCR detection of circulating tumor cells in
patients with gastric carcinoma. Clin. Chim.
Acta 367: 55-61.

Wang, J.Y., Hsieh, J.S., Chang, M.Y., Huang, T.J.,
Chen, FM., Cheng, T.L., Alexandersen, K,
Huang, Y.S., Tzou, W.S., and Lin, S.R. 2004a.
Molecular detection of APC, K- ras, and p53
mutations in the serum of colorectal cancer
patients as circulating biomarkers. World J.
Surg. 28: 721-726.

Wang, J.Y., Hsieh, J.S., Chen, C.C., Tzou, W.S.,
Cheng, T.L., Chen, EM., Huang, T.J., Huang,
Y.S., Huang, S.Y., Yang, T., and Lin, S.R. 2004b.
Alterations of APC, c-met, and p53 genes in
tumor tissue and serum of patients with gastric
cancers. J. Surg. Res. 120: 242-248.

Wang, J.Y.,, Wu, C.H., Lu, C.Y,, Hsieh, J.S., Wu,
D.C.,Huang, S.Y., and Lin, S.R. 2006a. Molecular
detection of circulating tumor cells in the periph-
eral blood of patients with colorectal cancer using
RT-PCR: significance of the prediction of postop-
erative metastasis. World J. Surg. 30: 1007-1013.

Wang, J.Y., Yeh, C.S., Chen, Y.F., Wu, C.H., Hsieh,
J.S., Huang, T.J., Huang, S.Y., and Lin, S.R.
2006b. Development and evaluation of a colori-
metric membrane-array method for the detection
of circulating tumor cells in the peripheral blood
of Taiwanese patients with colorectal cancer. Int.
J. Mol. Med. 17: 737-747.

Watanabe, T., Wu, T.T., Catalano, P.J., Ueki, T,
Satriano, R., Haller, D.G., Benson, A.B., III, and
Hamilton, S.R. 2001. Molecular predictors of

155

survival after adjuvant chemotherapy for colon
cancer. N. Engl. J. Med. 344: 1196-1206.

Weidner, N. 1993. Tumor angiogenesis: review of
current applications in tumor prognostication.
Semin. Diagn. Pathol. 10: 302-313.

Wharton, R.Q., Jonas, S.K., Glover, C., Khan,
Z.A., Klokouzas, A., Quinn, H., Henry, M.,
and Allen-Mersh, T.G. 1999. Increased detec-
tion of circulating tumor cells in the blood of
colorectal carcinoma patients using two reverse
transcription-PCR assays and multiple blood
samples. Clin. Cancer Res. 5: 4158-4163.

World Health Organization. 2005. http://www.
who.int/mediacentre/factsheets/fs297/en/.

Wu, C.H., Lin, S.R., Yu, FJ., Wu, D.C., Pan,
Y.S., Hsieh, J.S., Huang, S.Y., and Wang, J.Y.
2006. Development of a high-throughput mem-
brane-array method for molecular diagnosis of
circulating tumor cells in patients with gastric
cancers. Int. J. Cancer 119: 373-379.

Wyld, D.K., Selby, P., Perren, T.J., Jonas, S.K.,
Allen-Mersh, T.G., Wheeldon, J., and Burchill,
S.A. 1998. Detection of colorectal cancer cells
in peripheral blood by reverse-transcriptase
polymerase chain reaction for cytokeratin 20.
Int. J. Cancer 79: 288-293.

Yeh, C.S., Wang, 1.Y., Wu, C.H,, Chong, LW,
Chung, FY., Wang, Y.H., Yu, Y.P, and Lin, S.R.
2006. Molecular detection of circulating cancer
cells in the peripheral blood of patients with
colorectal cancer by using membrane array with
a multiple mRNA marker panel. Int. J. Oncol. 28:
411-420.



13

Prediction of Metastasis and Recurrence
of Breast Carcinoma: Detection
of Survivin-Expressing Circulating

Cancer Cells

Shang-mian Yie

INTRODUCTION

Breast cancer is the most common type of
cancer for women in the world. According
to Bray et al. (2004), it is responsible for
over one million of the estimated ten mil-
lion neoplasms diagnosed worldwide each
year. Globally, it is also the leading cause
of cancer deaths among women, responsi-
ble for 375,000 deaths in the year 2000 as
documented by Ferlay et al. (2001). Major
causes for these breast cancer-related
deaths, as indicated by Zieglschmid et al.
(2005) have been metastases and recur-
rences. As a result, the ability to predict an
individual patient’s risk of metastasis and
recurrence after surgical resection of the
primary tumor is of great importance. This
ability would also allow for the planning
of optimized adjuvant therapies as well as
monitoring the efficacy of treatments.

It was explained by Cianfrocca and
Goldstein (2004) that for decades the pres-
ence of metastatic breast cancer cells in
the regional lymph nodes (that is cancer
cells disseminated in the lymph nodes
but before having spread to the peripheral

blood or other distant locations such as
the bone marrow) was considered to be
the most valuable prognostic indicator for
breast carcinoma. One method of detect-
ing the cancer cells is through lymph node
evaluation. However, with this method,
the evaluation of tissues can only be
undertaken at the time of initial diagnosis
or surgery, and the procedures employed
are often inaccurate, time consuming, and
cannot be easily used in routine screen-
ing for the purpose of predicting disease
recurrence. Another widely used method
involves analyzing antibody-based assays
for currently available tumor markers.
The problem with this is that the markers
are not tumor-specific and are not eas-
ily detectable in the early stage, which
renders the method ineffective in monitor-
ing whether or not a patient is responding
well to treatments or whether there is a
recurrence (Lacroix, 2006).

In works by Fisher er al. (2002), Gilbey
et al. (2004) and Pantel and Brakenhoff
(2004), it has been demonstrated that
metastatic spreading occurs in ~ 50% of
cases with apparently localized breast
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cancer, and that up to 30% of patients with
lymph node-negative disease will eventu-
ally develop distant metastases within 5
years. This suggests that: (1) breast cancer
cells seem occasionally able to shed from
the primary lesion very early during the
natural history of the tumors, and subse-
quent recurrence is probably due to the
establishment of micrometastases before
primary locoregional treatment; (2) hema-
togenous spreading of tumor cells from
the primary tumor can be considered as
a crucial step in the metastasis cascade
which eventually leads to the formation of
clinically manifested metastases.

Histologically confirmed vessel infil-
tration is a well-known prognostic/pre-
dictive factor in nodal-negative breast
carcinoma as summarized by Mirza
et al. (2002). However, Denley et al.
(2002) have pointed out that vessel infiltration
is not very sensitive when evaluated with
either a fine-needle aspiration cytology
sample or a needle core biopsy specimen.
Identification of disseminated cancer cells
in the bone marrow, as stated by Muller
and Pantel (2004), is another independent
prognostic/predictive factor that is not only
useful in the prediction of bone metastasis
development, but also in the development
of metastasis in other organs such as lung
and liver. Nonetheless, as noted by Gilbey
et al. (2004), the sampling of bone mar-
row aspiration for subsequent analysis is
both a painful and costly procedure, and
one that cannot be easily used in routine
screenings.

Consequently, there have been numer-
ous recent studies, which indicate that the
detection of disseminated tumor cells in
the peripheral blood might be of clinical
use in terms of evaluating patient progno-
sis, predicating metastasis and recurrence,
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and monitoring therapy. Moreover, techni-
cally speaking, peripheral blood analysis
appears to be an ideal source for monitor-
ing disseminated tumor cells because the
sampling is relatively painless and can be
performed at frequent intervals. As such,
the method offers an appealing approach
for detecting occult metastasis in patients
with early stages, for monitoring tumor
progression, and for assessing the patients’
response to cancer treatment. Nevertheless,
some published data have also revealed a
few problems such as unreliable assay
methods and tumor markers that are non-
malignant specific. Hence, the predictive
effect of such a procedure remains to be
fully substantiated. For this reason, there is
still a great need to seek out specific tumor
markers as well as to develop reliable and
reproducible assay methods that can be
used to unambiguously identify dissemi-
nated tumor cells in the peripheral blood.

DETECTION OF CIRCULATING
BREAST CANCER CELLS

Methods Used to Detect Circulating
Cancer Cells

At the present, various techniques have
been deployed to identify circulating can-
cer cells. The most important of these can
be broadly divided into two categories:
cytometric methods and molecular meth-
ods. For molecular methods, the reverse
transcription-polymerase chain reaction
(RT-PCR) technique is most commonly used.

Cytometric Methods

Cytometric methods are used to isolate and
enumerate individual cells. The advantage is
that they allow for a deeper characterization
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of the cells at the molecular level in terms
of expressing key biological markers and
conducting morphological cell analysis.
Because only a small amount of epithelial
cells can be found in the blood, even in
patients with metastatic cancer, enrich-
ment procedures may be performed by
using immunomagnetic methods. However,
despite enrichments that can result in the
order of 10,000 times more epithelial cells,
they are still greatly outnumbered by the
residual white blood cells. Thus, immu-
nocytochemical identification of the epi-
thelial cells within this population is often
required.

According to Ring et al. (2004),
immunocytochemical methods based on
monoclonal antibodies against various
epithelium-specific antigens have been
studied, for which cytokeratin is the
most popular antigen. However, anti-
body-based techniques also have their
limitations. For example, Lacroix (2006)
mentions that many of the antibodies
directed at epithelial and breast cancer
cells are also known to stain hemat-
opoietic cells including cytokeratins.
Nonspecific staining of plasma cells
can also occur due to alkaline phos-
phatase reactions against the k and / light
chains on the cell surface. A review by
Zieglschmid et al. (2005) further stresses
that depending on the type of antibodies
used, a false-positive detection rate of
1-3% can be expected. Moreover, the
screening of large volumes of materi-
als by using immunocytochemical tech-
niques can be very time consuming.
Thus, automated image-analysis systems
or semi-automated alternatives should
be used for clinical application purposes
as suggested by Gross et al. (1995) and
Pachmann et al. (2001).
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Reverse Transcription-Polymerase Chain
Reaction (RT-PCR) Technique

The RT-PCR technique first involves
the isolation and reverse-transcription
of tumor-associated messenger RNA
(mRNA) to complementary DNA (cDNA).
Next, it requires a PCR-based amplifica-
tion of the cDNA template with specific
primers. This results in a several thousand-
fold amplification of the signal which
theoretically makes the method very sen-
sitive. Comparative studies carried out by
Lambrechts et al. (1999) and Smith et al.
(2000) have shown that the RT-PCR tech-
nique has higher rates of positivity than
cytometric methods.

A shortcoming of the RT-PCR tech-
nique is its inability to employ morpho-
logic criteria to confirm the presence of
metastatic cells. However, Zieglschmid
et al. (2005) indicated that RT-PCR is the
most successful technique for detecting
tumor-associated mRNA, which could
indicate the presence of circulating can-
cer cells in the blood of patients with
most common types of carcinomas. In
breast cancer studies, Gilbey et al. (2004),
Ring et al. (2004), Zieglschmid et al.
(2005) and Lacroix (2006) have described
the extensive use of tumor-associated
mRNA including various tissue-specific
differentiation markers such as cytok-
eratin 19 (CK19), cytokeratin 20 (CK20),
maspin, epidermal growth factor receptor
(EGFR), epidermal growth factor rece-
ptor 2 (HER2/neu), mammaglobin, membrane-
associated mucinl (MUCI1), or oncofetal
antigens such as B-human chorionic gona-
dotropin (B-HCG), and carcinoembryonic
antigen (CEA). However, the same stud-
ies revealed that most of the currently
available tumor markers are not specific
for malignancy as low expression levels
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of CK19, CK20, EGFR, CEA, MUCI
and HER2 have been detected in nor-
mal patients, in patients with malignant
hematological disorders, and in normal
blood components. Furthermore, studies
by Jung et al. (1998) and Goeminne et al.
(1999) have detailed that the expression of
CK19 and CEA can be induced in periph-
eral blood mononuclear cells by cytokines
and growth factors that circulate at higher
concentrations under inflammatory condi-
tions and neutronpenia. As a consequence,
false-positive results are more likely to
occur under these circumstances.

With standard techniques, RT-PCR prod-
ucts are separated using a process of aga-
rose gel electrophoresis and stained with
ethidium bromide for detection. Samples
are described as either positive or negative
depending on the presence or absence of a
PCR product and further quantification is
not possible. Even so, the standard RT-PCR
technique may not be sensitive enough to
detect small quantities of PCR-amplified
products by using the ethidium bromide
staining. In such cases, a nested PCR
is usually applied to increase the assay
sensitivity as mentioned by Gilbey et al.
(2004). However, by utilizing the highly
sensitive nested RT-PCR, even low levels
of illegitimate transcription in the blood
can cause alternative false-positive results.
Moreover, performing a nested RT-PCR is
more time consuming, as there is a need
to observe stringent procedures in order to
minimize the risk of false-positives arising
from possible cross-contamination of PCR
products. Therefore, it is more desirable to
carry out the RT-PCR 1n a single round so
that potential contamination problems can
be avoided. A further concern outlined by
Gilbey et al. (2004) is that if the primers
are not carefully designed, pseudogenes
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(DNA segments showing sequence homol-
ogy with the target mRNA sequences)
could be amplified leading to PCR prod-
ucts that are indistinguishable from the
target mRNA.

Potential Clinical Significance

The development of RT-PCR tests to detect
circulating cancer cells in the blood has
been shown to be feasible in a number
of studies. For instance, in studies con-
cerning early stage of breast carcinoma,
Stathopoulou et al. (2002) and Zach et al.
(2002) by using CK19 mRNA and mam-
maglobin mRNA respectively, showed that
early stage breast cancer patients with no
detectable circulating tumor cells may
experience a low risk of relapse or death
regardless of what other prognostic/predic-
tive factors may reveal. Adjuvant therapy
may therefore be withheld. At the same
time, patients with circulating tumor cells
expressing either CK19 or mammaglobin
may be judged to be at a higher risk of
relapse, and therefore should be offered
adjuvant systemic therapy irrespective of
the standings of other prognostic/predic-
tive factors.

In metastatic settings, reports by
Manhani et al. (2001) and Smith er al.
(2000) indicate that changes in the number
of circulating cancer cells can be seen as
a response to systemic therapy signifying
that measurements on the circulating can-
cer cells, especially if accompanied by an
assessment of the residual cell phenotypes,
might be preferable to measurements on
the primary lesion. This is so because
the interval between the initial excision
and the development of metastatic disease
might enable a phenotypic drift to occur.
All of this is useful not only in selecting
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patients and monitoring their responses
to the highly sophisticated tailoring of
therapy, but also in assessing markers of
biological response for the development
of novel drugs.

Current clinical studies have also
revealed a number of problems. For exam-
ple, a review by Ring et al. (2004) illus-
trated that in studies using cytometric
assays, cells with the characteristics of
tumor cells have been shown to be in the
blood of 0-100% of patients with operable
(stages I-IIla) breast cancer, and in 3-
100% of patients with metastatic disease.
Also presented in the same review is that
in studies using RT-PCR techniques, cells
with the characteristics of tumor cells have
been shown to be in the blood of 0-88%
of patients with operable breast cancer,
and in 0—100% of patients with metastatic
disease. In accordance with a number of
recent related reviews, namely Gilbey et
al. (2004), Ring et al. (2004), Zieglschmid
et al. (2005) and Lacroix (2006), the
observed variability may be due to: (1)
sources from which the samples were
taken given that most population bases are
heterogeneous in nature whose members
have different stages of disease which are
likely to have a substantial effect on the
presence of circulating tumor cells; (2)
times at which the samples were taken
given that samples taken before or after
surgery, or before undergoing therapy,
can all have considerable influence on the
likelihood of detecting circulating tumor
cells; (3) circumstances in which the sam-
ples were handled and prepared such as
delays between collection and analysis,
conditions of sample storage, and con-
tamination of skin epithelial cells during
sample collection; (4) guidelines in which
the samples were to be evaluated, given
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that there is a lack of criteria for positivity
and any sample containing evidence of
epithelial cancer cells, has been labeled as
positive in some studies. A more appropri-
ate approach would be to describe samples
as being positive only if the number of
cancer cells in them exceeds those found
in normal controls.

Taking into consideration the above-
mentioned points, it is therefore necessary
to develop novel techniques that are reli-
able and reproducible with increased sen-
sitivity and specificity. In addition, the use
of multi-marker assays and “search-and-
select” type of markers specific to certain
malignancies should be further explored.
Accordingly, the following sections will
elaborate on a specific, sensitive, and reli-
able molecular technique to quantitatively
determine circulating breast cancer cells
that express survivin mRNA, a highly
specific marker for most common types of
malignancies.

DETECTION OF SURVIVIN-
EXPRESSING CIRCULATING
BREAST CANCER CELLS

Reverse Transcription-Polymerase
Chain Reaction-Enzyme-Linked
Immunosorbant Assay
(RT-PCR-ELISA)

From the discussions in the previous sec-
tion, it is evident that certain technical
problems exist when using RT-PCR tech-
niques to detect circulating breast can-
cer cells. To overcome these problems,
Lacroix (2006) has referred to a number
of studies that have utilized modern real-
time RT-PCR techniques. In a study by
Aerts et al. (2001), these techniques
were used to determine the number of
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circulating cancer cells in clinical sam-
ples by comparison with standard curves.
The real-time PCR can also be used to
establish a normal range if the assay
is performed for some control samples.
A cutoff point for positivity can then be
identified, thereby improving the spe-
cificity of the test. However, as noted by
Valasek and Repa (2005), the real-time
PCR method can be very costly and cer-
tain limitations are present as with all
PCR- or RT-PCR-based techniques.

In the study by Yie et al. (2006), a
specific, sensitive, reproducible and yet
simple procedure for measuring cancer-
associated mRNA in peripheral blood cells
was developed. This technique called the
RT-PCR-ELISA was based on a hybridiza-
tion-ELISA detection system for RT-PCR
products. It combines the sensitivity of
nucleic acid amplification and the high
specificity of hybridization protocols with
a non-isotopic quantification method that
is in itself highly sensitive and specific.
Consequently, it offers several advantages
over conventional RT-PCR and nested
PCR methods.

The first advantage is that the method
dramatically increases the sensitivity of
marker detection when compared to regu-
lar RT-PCR procedures. In a regular RT-
PCR procedure, the most commonly used
method to visualize PCR product on an
agarose gel is ethidium bromide stain-
ing which has a relatively low detection
limit. By comparison, the RT-PCR-ELISA
procedure as demonstrated by Yie et al.
(2006) was able to increase the sensitivity
to detect PCR products by 8—16 times, and
was capable of detecting one cancer cell in
a2ml blood sample spiked with breast can-
cer cell lines. The second advantage is that
the hybridization-ELISA detection system
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can also increase the specificity, thereby
reducing the effects caused by contami-
nants that might otherwise be introduced
during the RT-PCR process. The third
advantage is that the PCR products can be
directly quantified by interpolation from
ELISA standard curves akin to real-time
PCR techniques. As such, this provides a
measure of the amount of PCR products
that can be compared among different
batches in the assay. The fourth advantage
is that the method permits a rapid and
simple quantification of mRNA within one
working day. Also, it uses widely avail-
able commercial reagents and employs
relatively inexpensive equipments such as
a thermocycler and ELISA reader.

Selection of Breast Cancer-Associated
Marker

As stated before, most of the currently
available tumor markers used in the detec-
tion of circulating breast cancer cells are
not specific for malignancy. Existing stud-
ies as mentioned by Gilbey et al. (2004)
do not draw firm conclusions on whether
one type of marker is more sensitive than
another. However, published data have
revealed that assay sensitivity can vary
from one study to another even when the
same marker is used. To improve upon this
situation, Bosma et al. (2002) and Taback
et al. (2001) have investigated the use of
multiple marker assays. Because breast
cancer is composed of a heterogeneous
collection of cells with differing degrees
of tumor marker expression, circulating
tumor cells within a particular breast can-
cer patient may not express the particular
tumor marker being assayed. Therefore, a
multiple marker assay, taking into account
tumor heterogeneity and mRNA expression
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variability, would enhance the detection of
circulating tumor cells when comparing to
detection in which only a single marker is
used. However, careful selection must be
made on a particular tumor marker that is
uniquely expressed in breast cancer, but
not in normal epithelial cells or normal
blood cells.

Survivin is a novel member of the inhibi-
tor of apoptosis protein (IAP) family having
1.5kb located at chromosome 1725 with
four exons and three introns. This form was
originally described by Ambrosini et al.
(1997) and was named survivin wild-type
(survivin-wt). Transcription of the survivin
gene produces a 489bp mRNA that trans-
lates into a cytoplasmic protein having
140 amino acids with a molecular weight
of 16.5Kd. Four additional splice variants
named survivin-AEx3, survivin-20,, sur-
vivin-2B and survivin-3B are also known to
exist. However, as Span et al. (2006) have
pointed out, survivin-wt appears to be the
dominant form in breast cancer tissues.

The study by Johnson and Howerth
(2004) has indicated that survivin is a
bifunctional protein that suppresses apop-
tosis and regulates cell division. Survivin
regulates the G2/M phase of the cell
cycle by associating with mitotic spindle
microtubules and directly inhibiting cas-
pases analogous to other IAPs. Studies
by Adida et al. (1998) and Konno et al.
(2000) mention that survivin is present
and functional during fetal development,
but it does not seem to be involved in the
physiological regulation of apoptosis after
birth. However, a recent review by Li and
Brattain (2006) has shown that survivin
might also play a role in certain physi-
ological processes in many human organs/
cells although through somewhat different
mechanisms.
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Most importantly, survivin is promi-
nently expressed in all of the most com-
mon types of human carcinoma, but is
undetectable in most normal adult tissues.
This trait makes it the most desirable
tumor-specific marker up to date. By using
various methods of molecular biology and
immunology such as RT-PCR, Northern
blot, immunocytochemistry, Western blot,
and flow cytometry, survivin has been
found in nearly all of the common types of
cancer including breast cancer (Zaffaroni
etal.,2005). Moreover, Chiou et al. (2003)
have stated that accumulated data have
shown survivin overexpression in the pri-
mary tumor is almost invariably associated
with a poor prognosis for patients with
various cancer types.

Studies by Nasu et al. (2002), Span
et al. (2004) and Ryan et al. (2005)
have reported that the expression of sur-
vivin mRNA was detected in the majority
of cancer tissues found in patients with
breast carcinoma. Additionally, survivin
is one of the most uniformly upregulated
genes in tumor tissues when compared
to healthy ones. Uncontrolled growth of
cancerous cells requires anti-apoptotic
strategies to extend an otherwise limited
lifespan and to counter the customary
apoptotic triggers. Thus, overexpression
of survivin as noted by Pizzoferrato et al.
(2004) may provide breast cancer cells
with a distinct in situ survival advantage
and/or allow them more able to spread.
Furthermore, survivin-expressing circu-
lating breast cancer cells might be more
capable of seeding metastatic sites, and
tend to be more successful in establishing
metastastic tumors. Zaffaroni and Daidone
(2002) have remarked that cells that are
unresponsive to apoptotic triggers will
also be more resistant to radiation and
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chemotherapy. Therefore, survivin mRNA
in the peripheral blood might be an ideal
tumor marker to identify circulating breast
cancer cells which can then be used in pre-
dicting the development of metastases and
recurrences, estimating prognosis, decid-
ing treatment stratagem, and monitoring
the efficacy of adjuvant treatment.

Potential Clinical Applications

Experiments conducted by Yie et al. (2006)
showed that in 130 healthy controls, all
samples analyzed using RT-PCR were
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negative when evaluated with a 1.2% aga-
rose gel stained with ethidium bromide.
However, a single 439bp survivin-wt frag-
ment and other splice variants were detected
in 28.3% of the 69 breast cancer patients.
By using the RT-PCR-ELISA, it was found
that there was a high statistical difference
(P <0.001) in survivin mRNA concentra-
tions between breast cancer patients and
healthy controls (Figure 13.1A). A normal
range and a cutoff point for the positiv-
ity of survivin mRNA in peripheral blood
specimens were also established after per-
forming a receiver operating characteristic

2.5

2.0 1 *

1.5 1

1.0 1 *

0.5 1

Survivin mRNA (pg/ml)

0.0 T T
C2 cC3
Histological Grade

P N C1
Vessel Infiltration

2.0
161 | 1

1.2 . .
0.8 -

0.4 1

Survivin mRNA (pg/ml)

0.0

N P
ER Status

N P P N
PR Status Her-2 Status

FiGure 13.1. Association of survivin-expressing circulating breast cancer cells with clinicopathological
parameters. (A) Comparison of survivin mRNA concentrations in peripheral blood samples between 67
breast cancer patients and 135 healthy controls in which a significant statistical difference was observed
(Mann-Whitney rank sum test: 7= 10,822, P < 0.001). A cutoff value was established by ROC analysis.
Associations of survivin with (B) histological grade and vessel infiltration; (C) tumor size, nodal status
and clinical stages; (D) ER, PgR, and HER?2 statuses were analyzed by either the Kruskal-Wallis one-way
analysis of variance on ranks test or the Mann-Whitney rank sum test: P < 0.002, 0.0001, 0.001, 0.0001,
0.03, 0.009, 0.002, and 0.006 respectively for the RT-PCR-ELISA. (Yie et al. 2006.)



13. Prediction of Metastasis and Recurrence of Breast Carcinoma

(ROC) curve analysis. In general, ~ 50.7%
of the patients were determined to be posi-
tive in having survivin-expressing circulat-
ing breast cancer cells.

Clinicopathological parameters includ-
ing tumor histological grade, vessel infil-
tration, tumor size, nodal status, ER/PgR
status, HER2 status, and clinical stages
have shown to be significantly associ-
ated with survivin mRNA concentrations
(Figure 13.1B-D). In addition, these well-
established prognostic/predictive factors
were shown to be significantly associated
with positive detection rates in relation
to the cutoff value. Thus, the quantitative
assessment of survivin mRNA with the RT-
PCR-ELISA not only accurately detects
the presence of circulating breast cancer
cells, but also significantly increases the
rate of positive detection over conven-
tional RT-PCR in clinical applications.

Furthermore, after the initial assay test,
~ 17 available patients who were treated
with similar adjuvant chemotherapy regi-
mens were followed up for a period of 2—
36 months. Survivin-expressing circulating
cancer cells were detected in the peripheral
blood samples of 11 patients (64.7%), 6 of
whom had metastasized and 5 were in the
early stages of the disease at the time of the
assay. Nine out of the 11 patients eventu-
ally suffered a relapse within the 36-months
follow-up period. In comparison, for the six
patients who did not show any presence of
survivin-expressing circulating cancer cells
in their peripheral blood samples, only two
out of the six (33.3%) suffered a relapse.
These two patients were diagnosed as in
stages II and IV, respectively, at the time of
the initial assay.

Interestingly, survivin mRNA was
detected in the peripheral blood sam-
ples obtained from 11 out of 37 patients
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(29.7%) with early stages of breast cancer.
Five of these survivin-positive patients
were available for a follow-up in which
three out of the five (60%) patients devel-
oped a relapse of the disease. This out-
come could indicate that some breast
carcinomas may have a higher potential
to cause hematogenous metastasis even in
the early stage of the disease. To further
confirm the predictive value of detecting
survivin-expressing circulating breast can-
cer cells, a ROC curve analysis was per-
formed (Figure 13.2). Results showed that
the area under the curve (AUC) was 0.852
and P <0.0001. When survivin mRNA
concentration was at the cutoff point of
1.01 pg/ml, the specificity of predicting
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FiGure 13.2. Predictive value of the detection of
survivin-expressing breast cancer cells using
RT-PCR-ELISA evaluated by ROC curve anal-
ysis. Use of ROC curve analysis in the prediction
of recurrence by detecting survivin-expressing
circulating cancer cells in patients with breast can-
cer. The value of AUC was 0.85 (95% confidence
interval; 0.65-1.03, P <0.0001). At the survivin
mRNA concentration cutoff value of 1.01pg/ml,
specificity was 100% and sensitivity was 80%. (Yie
et al. 2006.)
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recurrence was 100% and the sensitivity
was 80%. From these findings, it can be
concluded that the detection of survivin-
expressing circulating cancer cells is a
viable method for predicting cancer recur-
rence in patients with breast cancer. It may
also suggest that the presence of survivin
mRNA in the peripheral blood carries the
risk of hematogenous spread regardless of
the clinical stages of the disease. Also, a
significant correlation between survivin
expression in the blood and the prognos-
tic/predictive factors of nodal status and
vessel infiltration was established. The
consequence of this discovery indicates
that the testing of blood for the presence
of circulating cancer cells may provide a
complementary technique in enhancing
current methods of cancer prognosis.

REVERSE TRANSCRIPTION-
POLYMERASE CHAIN
REACTION-ELISA
METHODOLOGY

Preparation of RT-PCR-ELISA System
Cell Culture

Breast cancer cell line MCF-7 (American
Type Culture Collection, Rockville, MD,
USA) was purchased and cultured in a
RPMI1640 medium supplemented with
100U/ml of penicillin, 50 ug/ml of strep-
tomycin and 10% of heat-inactivated fetal
bovine serum (Sigma, St. Louis, MO,
USA). The culture was maintained in
10 x 20cm tissue culture plates (BD
Biosciences, Bedford, MA, USA) at 37°C
in a 5% CO, environment. Log phase
cells were collected at 90% confluence
by 0.25% of trypsin digestion and centri-
fuged for Smin at 1,000rpm. They were
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resuspended in a phosphate buffered saline
(PBS) solution and counted using a hemo-
cytometer. The cells were cultured in prep-
aration for the RT-PCR-ELISA system as
well as in its validation.

Extraction of Total RNA from
MCF-7 Cell Line

Total RNA of the cultured MCF-7 breast
cancer cells was extracted using a Trizol
Kit (Gibco, Burlington, ON, Canada)
in accordance with the manufacturer’s
instructions. The quality of the extracted
total RNA was estimated by an agarose
formaldehyde gel electrophoresis and its
concentration was determined by a spec-
trophotometer reading at 260/280 nm.

Synthesis of cDNA

An amount of 5Sug of the total RNA was
added into test tubes containing a pre-pre-
pared reverse transcription (RT) mixture
that included 500ng of Oligo (dT),, |,
primer, 0.5U of RNase inhibitor, 0.5mM
dNTPs, 50mM DTT, 5x RT buffer, and 5U
of MMLV-reverse transcriptase (Epicentre
Technologies, Madison, WI, USA) for a
total reaction volume of 20ul. The con-
tents of the tubes were mixed thoroughly
and placed in a thermocycler (Eppendorf,
Hamburg, Germany) which was pro-
grammed for one cycle at 37°C for 60 min
followed by one cycle at 90°C for Smin
to inactivate the reverse transcriptase. The
synthesized cDNA was either immediately
used for the PCR or stored at —20°C until
needed.

First-Round PCR

To prepare for the first-round PCR, an
aliquot of cDNA (2 ul) was mixed with
12.5pmol of primers and a Tag DNA
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polymerase kit containing 2.5 ul of 10x
buffer, Syl of 5x Q-solution, 200 uM
dNTPs, 1.5mM MgCl, and 0.625U of
Tag DNA polymerase (Qiagen, Hilden,
Germany). Diethyl pyrocarbonate
(DEPC)-treated water was added to
comprise a final volume of 25 ul. The
mixture was incubated for the indicated
cycles: denaturing at 94°C for 1 min,
annealing at 62°C for 1 min and exten-
sion at 72°C for 2min for 30 cycles,
followed by incubation at 72°C for
10 min in the thermocycler. In the first-
round PCR, a 439bp survivin fragment
was amplified with a forward primer
(SUF) corresponding to survivin mRNA
nucleotides 47-66 (5'-GGC ATG GGT
GCC CCG ACG TT-3"), and a back-
ward primer (SUB) complementary to
survivin mRNA nucleotides 466-485
(5'-AGA GGC CTC AAT CCA TGG
CA-3"). See Note 1 on page 169.

Second-Round PCR (Nested PCR)

To prepare for the second-round PCR, an
aliquot (2ul) of 1:100 of the first-round
PCR product was mixed with 12.5pmol
of primers and a Tag DNA polymerase
kit containing 10ul of 10x buffer, 20 ul
of 5x Q-solution, 200 uM dNTPs, 1.5 mM
MgCl, and 2.5U of Tag DNA polymer-
ase (Qiagen). A final volume of 100l
was created after adding DEPC-treated
water. The mixture was incubated for
the indicated cycles: denaturing at 94°C
for 1 min, annealing at 55°C for 1min
and extension at 72°C for 2min for 30
cycles, followed by incubation at 72°C for
10min in the thermocycler. In the nested
PCR process, a 339bp survivin fragment
within the 439bp survivin fragment was
amplified by using primer sets SUF1 cor-
responding to survivin mRNA nucleotides
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99-118 (5'-GGA CCA CCG CAT CTC
TAC AT-3"), and SUB1 complementary
to survivin nucleotides 419-438 (5'-GCA
CTT TCT TCG CAG TTT CC-3'). See
Note 1 on page 169.

Construction of Survivin-Plasmid

The 439bp survivin fragment amplified
from the first-round PCR was ligated
into a pQE-30UA vector (Qiagen) at a
ratio of 5:1 by using 5SU of T4 DNA
ligase (Invitrogen, Carlsbad, CA, USA)
held at 16°C for 2h. This recombinant
plasmid was named pQE-30UA/survivin.
The bacteria E. coli M15 transformed
with pQE-30UA/survivin were grown in a
Luria-Bertain (LB) medium with 100ug/
ml of ampicillin and 50 pg/ml of karamy-
cin overnight at 37°C. The recombinant
plasmid was subsequently extracted with
an extraction kit (Qiagen) by following the
manufacturer’s instructions. Thereafter, it
was subjected to a DNA sequencing con-
firmation and its concentration was deter-
mined by a spectrophotometer reading at
260/280 nm.

Preparation of Nuclear Hybridization
Platform

The 339bp survivin fragment that was
prepared earlier in the second-round PCR
was utilized as a nucleic acid hybridiza-
tion probe by means of purification with a
QIAquick PCR Purification Kit (Qiagen)
in accordance with the manufacturer’s
instructions. The quality of the purified
probe was estimated by a 1.2% agarose gel
electrophoresis and its concentration was
determined by a spectrophotometer read-
ing at 260/280 nm.

The probe was then denatured at 95°C
for 5min and cooled on ice for 2min.
Afterwards, 1pg/ml of the probe was
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directly coated on microtiter plates/strips
(Thermo Electron Corporation, Milford,
MA, USA) with 50ul per well in a PBS
coating buffer (pH = 7.2) and incubated
overnight at 4°C. Following the incuba-
tion, the plates/strips were washed twice
with 0.01M of PBS washing solution
containing 0.05% tween-20. Finally, the
prepared plates/strips were either immedi-
ately used or stored at —20°C until needed.
See Note 2 on page 170.

Detection of Circulating Cancer Cells
by RT-PCR-ELISA System

Sample Preparation, Total RNA
Extraction, and cDNA Synthesis

A 2ml sample of peripheral blood was
collected into test tubes containing sodium
citrate. The tubes were immediately sent to
the laboratory for processing. The samples
were centrifuged at 3,000 rpm in room tem-
perature to obtain all the blood cells. Total
RNA of whole blood cells were extracted
using the Trizol Kit (Gibco) as described
previously for the MCF-7 breast cancer
cell line. The total RNA concentration was
determined by a spectrophotometer reading
at 260/280nm. See Note 3 on pagel70.

An amount of 5Sug of the total RNA
from each of the blood cell samples was
added into test tubes containing the pre-
prepared RT mixture as discussed before
in the synthesis of cDNA. The tubes were
placed in the thermocycler which was pro-
grammed for one cycle at 37°C for 60 min
followed by one cycle at 90°C for Smin
to inactivate the reverse transcriptase. See
Note 4 on page 170.

PCR Amplification

The survivin mRNA fragment in the blood
cells was amplified with 12.5pM of
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fluorescein-labeled SUF and SUB primers
to generate flourescein-labeled PCR prod-
ucts. First, an aliquot of cDNA (2 ul) from
each of the blood cell samples was mixed
with the pre-prepared PCR mixture con-
taining the same contents as seen previ-
ously in the first-round PCR. The total
reaction volume was 12.5ul which was
then incubated for the indicated cycles:
denaturing at 94°C for 1min, annealing
at 62°C for 1 min and extension at 72°C
for 2min for 26 cycles, followed by incu-
bation at 72°C for 10min in the thermo-
cycler. The pQE-30UA/survivin plasmid
diluted in serial concentrations ranging
from O to 102.4fg per tube was used
as standards. Finally, the standards were
amplified together with the samples in the
same batch of assay.

Quantitative Determination of PCR

Products by Nuclear
Hybridization-based ELISA

An amount of 2.5ul of each fluorescein-
labeled PCR product in duplicate was
added into the aforementioned probe-
coated microtiter plates/strips to make up a
total volume of 10ul with 1x PCR buffer.
The fluorescein-labeled PCR product
was first denatured by using 20l of 1N
NaOH/0.05% thymol blue solution at room
temperature for 10min, and then hybrid-
ized to the coated probe in a hybridiza-
tion buffer (0.95M NaCl, 0.5M NaH,PO,,
0.1M sodium citrate, 1% block solution
(Roche, Basel, Switzerland), pH = 4.8) for
2h at 60°C. See Note 5 on page 170.

After hybridization, the plates/strips were
washed four times with PBS washing solu-
tion (See Note 6 onpage 170). Subsequently,
the plates/strips were added with 50 ul
per well of the 1:1,000 anti-fluorescein
antibody-HRP conjugate (Roche) diluted
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in a sample buffer (0.01M PBS/150 mM
NaCl, 0.5% block solution, 5SmM EDTA
and 1% tween-20) and incubated at room
temperature for 1h. Afterwards, they
were washed another four times with
the washing solution and 100ul of 3, 3', 5,
5'-Tetramethylbenzidine (TMB) (Sigma)
were added. Following a 15min incuba-
tion at room temperature, color reactions
were stopped by adding 50ul per well
of 1M HCI. The plates/strips were read
at 450/630nm using a microplate reader
(Bio-TEK, Winooski, VT, USA).

In addition, the standards were hybrid-
ized at the same time as the samples in
one batch of assay. Survivin mRNA levels
in each of the samples were determined
by comparing to the standards with the
results being expressed in pg/ml (See
Note 7 on page 170). Positive control was
obtained from the MCF-7 breast cancer
cell line cDNA while negative control was
realized without the cDNA. Both of these
were simultaneously amplified by PCR
and added to the microtiter plates/strips at
each assay.

Validation of RT-PCR-ELISA System
Validation of RT-PCR Process

Specificity of the RT-PCR process was
assessed by: (1) observing the 439bp sur-
vivin fragment generated with SUF and
SUB primer sets from cultured MDA231,
MDA465 and MCEF-7 breast cancer cell
lines, all 15 samples of breast cancer tis-
sue, and some peripheral blood specimens
(See Note 8 on page 170); (2) noting that
no transcripts were identified in the water
control or the RT-negative control sam-
ples; (3) confirming the PCR amplifica-
tion for survivin through a direct sequence
analysis. To determine the sensitivity of
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the RT-PCR process, serial dilutions of
RNA extracted from the MCF-7 breast
cancer cells were performed. The band
of 439bp survivin fragment was detect-
able starting from 100ng of the total RNA
1solated from the breast cancer cell lines,
breast cancer tissues or positive blood
specimens.

To determine the reproducibility of the
entire RT-PCR process, separate RT-PCRs
were performed on 10 aliquots, 5 g each,
of the total RNA extracted from the MCF-
7 breast cancer cell line. The RT-PCR
products were subsequently analyzed
using ELISA. The coefficient of varia-
tion between the cDNA samples was 5%.
To further assess the reproducibility of
PCR and the measurement steps, exclud-
ing the RT stage, 8 aliquots of a single
cDNA sample diluted in a ratio of 1:10
were amplified separately and measured
using ELISA. Ensuing statistical analysis
showed that there were no significant dif-
ferences amongst the aliquots.

Validation of ELISA Process

The specificity of the ELISA process was
assessed by using fluorescein-labeled PCR
products of other tumor markers including
CK19, B-hCG, EGFR, CEA, HER2 and
prostate specific antigen (PSA). No sig-
nals were obtained from using these non-
survivin fragments in the hybridization
step as shown by Yie et al. (2006). The lin-
earity and sensitivity of the ELISA system
was determined by using serial dilutions
of known amounts of pQE-30UA/survivin
plasmid as standards and amplifying along
with the sample cDNAs in the same batch.
The illustration in Figure 13.3 shows the
standard curve of optical density (OD)
values against the survivin fragment in
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FiGUre 13.3. RT-PCR-ELISA standard curves.
Linearity and sensitivity of the RT-PCR-ELISA
detection system: serial dilutions of known amounts
of pQE-30UA/survivin plasmid were amplified
using PCR and measured using ELISA. Results
were expressed as OD (450/690nm) values against
the survivin fragment in concentrations between
0.4 and 102.4fg per well in triplicate from 17
assays (mean =+ standard error). (Yie et al. 2006.)

concentrations between 0.4 and 102.4fg
per well in triplicate from 17 assays. The
lowest detection limit of the assay was
0.4 fg per well (mean OD value + 2 stand-
ard deviations at zero concentration of the
standard template). The reproducibility of
the entire RT-PCR-ELISA process dem-
onstrated that the variation coefficients (CV %)
within and between batches were 4.5%
and 9.2%, respectively.

Additional assessment regarding the
sensitivity and specificity of the RT-PCR-
ELISA technique for tumor cell detection
was carried out in which various number
of cultured MCF-7 breast cancer cells
were seeded into different test tubes con-
taining 2ml of whole blood cells from
healthy donors. A total of one million
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cells were present in the tubes with ratios
of tumor cells to hematopoietic cells rang-
ing from 1:100 to 1:1,000,000. This mim-
icked a clinical setting for the detection of
breast cancer cells in the peripheral blood.
Another 20 non-seeded blood samples
obtained from different healthy controls
were also processed. Several experiments
were conducted to evaluate the detection
of MCF-7 breast cancer cells by using
the assay with results establishing that the
observed sensitivity corresponded to the
identification of one cancer cell amongst
1x10° hematopoietic cells. With regards
to the evaluation of specificity, none of the
healthy control samples showed up posi-
tive for survivin mRNA.

NOTES

1. The correct size of PCR products (439 and 339
survivin fragments) from the MCF-7 breast cancer
cell line, samples of breast cancer tissue, and blood
samples with high concentrations of circulating can-
cer cells was determined by comparison with a DNA
standard on a 1.2% agarose gel and the identity was
confirmed by a sequence analysis.

2. The coated plates/strips are valid for up to 1 year
when stored under —20°C.

3. In order to validate the procedure, total RNA extracted
from whole blood cells were compared with those
from isolated blood mononuclear cells by using a gra-
dient Percoll centrifugation (Sigma). Results showed
that there were no significant statistical differences in
either the quality or the concentration between the two
extraction procedures.

4. To optimize the reproducibility of cDNA synthesis, an
aliquot of a master mix solution containing 500ng of
Oligo (dT),, ,, primer, 0.5 U of RNase inhibitor, 0.5 mM
dNTPs in 5x reaction buffer and 50mM DTT was used
to reduce any variation between RT processes.

5. Nucleic acid hybridization is sequence-dependent
and varies under different environmental parame-
ters. Generally speaking, hybridization temperature is
experimentally chosen or selected to be 2°C lower than
the thermal melting point (Tm) for some predefined
ionic strength and pH level.

6. Low stringency washing conditions (e.g., using more
salt and lower temperature) can increase sensitivity,
but can also produce nonspecific hybridization and
high background signals. High stringency washing
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conditions (e.g., using less salt and higher temperature
which is closer to the hybridization temperature) tend
to lower the background signal with typically only the
specific signal remaining.

7. To ensure that survivin expression in samples can be
directly calculated from the standard curve, 34 blood
samples were collected from breast cancer patients.
The total RNA extraction and cDNA synthesis were
performed using the already discussed methods. For
internal control, B-actin ¢cDNA was introduced and
coamplified in the same reaction sample using B-actin
control amplimer sets (Clontech, Palo Alto, CA, USA).
Survivin expression in each of the samples was repre-
sented as a ratio of survivin to B-actin, determined by
a 1.2% agarose gel electrophoresis stained with ethid-
ium bromide and analyzed using a laser densitometer
(Molecular Dynamics, Sunnydale, CA, USA). Results
were then compared with those obtained from the RT-
PCR-ELISA process from which a significant correla-
tion (r = 0.9378, P < 0.0001) between the two methods
was evident. Data from Yie et al. (2006).

8. In addition, survivin splicing variants (survivin-AEx3
and survivin-2B) were also observed in some speci-

mens by using the SUF and SUB primer pairs.

CONCLUSIONS
AND PERSPECTIVES

It is now clear that breast cancer cells are
occasionally able to shed from the primary
lesion very early during the natural history
of tumors, and that hematogenous spread-
ing of tumor cells from a primary tumor can
be considered as a crucial step in the metas-
tasis cascade leading eventually to the for-
mation of clinically manifested metastases.
Current prognostic/predictive factors and
detection methods have been shown to be
not as sensitive or specific enough for the
prediction of metastases and recurrences.
Consequently, as outlined by a number of
recent studies, detection of disseminated
tumor cells in the peripheral blood by using
either cytometric or molecular approaches
might be of clinical use, especially with
respect to predicting clinical outcomes,
making therapeutic decisions, and moni-
toring therapies. Nevertheless, published
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reports have also revealed certain problems
which can inevitably lead to false-positive
results that greatly diminish the correlation
between tumor markers and some of the
well-known clinical and pathological prog-
nostic/predictive factors.

To improve upon the existing method-
ologies, a novel quantitative technique
based on an ELISA detection system
for RT-PCR products called RT-PCR-
ELISA has been developed and used
to detect survivin-expressing circulating
breast cancer cells in peripheral blood
specimens. Survivin is a member of the
IAP family whose mRNA expression
is detectable in the majority of primary
breast carcinomas, but is rarely expressed
in normal breast tissues or hematopoietic
cells. This feature makes survivin one of
the most desirable tumor-specific mark-
ers up to date.

The RT-PCR-ELISA method repre-
sents a reliable and reproducible assay
to be used in studies geared towards the
quantitative analysis of relative changes
in survivin gene expression. The find-
ings obtained from the detection of
survivin mRNA in the peripheral blood
of breast cancer patients through the use
of the assay, strongly suggest that the
presence of circulating tumor cells is
highly associated with clinicopathologi-
cal parameters and could have a clinical
application value in predicting metas-
tasis and recurrence in cancer patients.
The results also suggest that circulating
breast cancer cells expressing survivin
mRNA may denote a characteristic fea-
ture of disseminated cancer cells which
have the ability to establish metastasis
and recurrence.

Even so, the mechanisms by which a malig-
nant tumor cell establishes a metastatic foci
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is a complex process wherein to achieve
successful macrometastases, a tumor cell
must first separate from the primary tumor,
gain access to an efferent channel (whether
lymphatic or vascular), then survive the
transport to a distant capillary bed, exit the
vessel at the distant site, and finally obtain a
new blood supply within the distant organ.
As Lacroix (2006) further elaborates, at each
stage, the cancer cell must evade immuno-
logical responses and potentially adverse
metabolic conditions. Furthermore, Mehes
et al. (2001) reported that most circulating
tumor cells are apoptotic and very few of
them that are shed into the blood stream
succeed in establishing secondary tumors.
Thus, the presence of circulating tumor cells
per se should not be regarded as indicative
of metastatic disease. Nonetheless, of all
the metastastic mechanisms, the characteris-
tic/phenotype of spread cancer cells provide
the most contribution to the success of mac-
rometastases as demonstrated by Al-Hajj et
al. (2003), where the breast cancer cells that
were capable of establishing tumors were
identified as those that expressed CD44, an
adhesion molecule and cell surface marker.

In future studies, extensive investiga-
tions to assess recurrences and survival
rates on a larger number of cohort patients
will be needed. Likewise, multiple center
studies on the early prediction of dis-
ease metastasis and recurrence by way of
detecting circulating cancer cells using the
RT-PCR-ELISA for survivin should be of
great interest. Overall, additional in vitro
experiments and studies on animal mod-
els are also necessary to fully verify the
hypothesis that the detection of circulat-
ing breast cancer cells expressing survivin
mRNA is more successful in establishing
metastastic tumors.

Shang-mian Yie
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and Prognostic Value of Peripheral Blood
Cytokeratin-19 mRNA-Positive Cells
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INTRODUCTION

As a result of increased mammogra-
phy screening programs, the majority of
patients with breast cancer in recent years
present with early-stage disease because
the screening-detected tumors are sig-
nificantly smaller than symptomatic or
palpable tumors and frequently with-
out axillary lymph node involvement.
Metastatic involvement in the axillary
lymph nodes is a powerful prognostic
factor. Although the Early Breast Cancer
Trialists’ Collaborative Group (2005) has
shown a direct relationship between the
number of involved nodes and the clini-
cal outcome; nearly 30% of patients with
node-negative breast cancer will present
distant recurrence and will die as a result
of their disseminated disease. This obser-
vation suggests that despite the gen-
eral model of tumor cell dissemination,
through the lymphatogenous route in
the regional lymph nodes, there is also a
direct haematogenous tumor cell dissemi-

nation that bypasses the lymphogenous.
Thus, breast cancer detection at early
stages does not ensure the definitive cure
due to unpredictable invasiveness and
metastatic potential of tumor cells.

There are several dilemmas concerning
the adjuvant treatment of patients with
node-negative breast cancer. Expansion
of therapeutic opportunities further com-
plicates these decisions. Determination
of the likelihood of recurrence for each
patient in combination with the estimation
of the efficacy of the available therapeutic
modalities and the evaluation of potential
side effects would assist physicians to
determine the probable benefit of adjuvant
systemic therapy for individual patient.

PROGNOSTIC
AND PREDICTIVE FACTORS

Adjuvant systemic therapy is currently
recommended for all node-positive
patients with breast cancer as the disease
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is not localized anymore. For node-nega-
tive patients guidance is not as equivocal
and virtually all patients receive systemic
chemotherapy. The purpose of adjuvant
therapy is to eliminate probable micromet-
astatic deposits and disseminated tumor
cells that have disseminated before or
during the surgical excision of the tumor.
However, adjuvant systemic therapy is
associated with significant side effects;
therefore, it would be very important to
optimally determine patients who are at
high risk for relapse for adjuvant treatment
by detecting clinically silent micrometa-
static disease. The identification of prog-
nostic factors associated with either the
growth or metastatic potential of the pri-
mary tumor would also assist in selecting
the most favorable adjuvant therapy for an
individual patient.

A prognostic factor is defined as any
parameter available at the time of diag-
nosis or surgery that is associated with
disease-free or overall survival in the
absence of systemic adjuvant therapy and,
as a result, is able to correlate with the
natural history of the disease. In contrast,
a predictive factor is any parameter asso-
ciated with response or lack of response
to a particular therapy. The ideal prog-
nostic marker which could be expressed
by tumor cells is that which is strongly
associated with early metastases and short
survival. Conversely, tumors which do
not express the prognostic marker would
be associated with an indolent course,
the absence of metastases, and prolonged
survival in nearly all patients. According
to the evaluation guidelines that were
defined by McGuire (1991) the minimal
criteria that must be considered when one
is attempting to evaluate a new prognostic
factor are the following:
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e The factor to be studied should possess
clear biological significance.

 The number of patients in the study must
be appropriate according to the kind of
study (pilot, definitive or confirmatory).

e There should be an adequate sample size
studied for meaningful calculations.

o The patients’ population must be defined
and not biased.

« There must be methodological validation.

¢ Clinical cut-off must be defined.

« Assays must be reproducible.

Ideally, a study of prognostic factors
should involve only patients who have
received no systemic therapy. However,
such studies have become nearly impos-
sible to carry out because systemic therapy
is now recommended for the vast majority
of patients with breast cancer.

There are three categories of prognostic
and predictive factors: (1) patient’s charac-
teristics that are independent of the disease,
such as age; (2) disease’s characteristics,
such as tumor size and histologic type; and
(3) biomarkers (measurable parameters in
tissues, cells, or fluids), such as estrogen
receptor status, progesterone receptor sta-
tus, and tumor cell proliferation param-
eters. Although a large number of various
factors have been investigated in early and
node-negative breast cancers, presently
only tumor size, histological grade, lym-
phatic and vascular invasion and prolifera-
tion rate are widely accepted as clinically
relevant prognostic factors. Estrogen and
progesterone receptor status as well as
HER2/neu expression are both prognostic
and predictive factors. On the contrary,
ethnicity and patient age at diagnosis,
genetic profiling, cell adhesion molecules
and proteases, apoptosis-related proteins,
cell cycle molecules, angiogenesis-related
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proteins, growth factor receptors and pres-
ence of minimal residual disease in bone
marrow and peripheral blood, have also
been proposed as prognostic or predictive
factors but their clinical value still remains
investigational.

Tumor Size

For node-negative patients, tumor size is
the most powerful prognostic factor and is
routinely used to make adjuvant treatment
decisions. Carter et al. (1989) reported, in
a population of 13,464 women with node-
negative breast cancer, a 5-year overall
survival close to 99% in patients with
tumors < lcm compared with 89% for
tumors between 1 and 3cm and 86% for
tumors between 3 and 5cm. Although the
incidence of disease recurrence increases
as the tumor size increases, Adair et
al. (1974) have shown that patients with
extremely large tumors tend to have bet-
ter outcomes than those with tumors of an
intermediate size. An explanation could be
that tumors that have grown to a large size
without resulting in nodal involvement
might have a lower potential for metastatic
spread.

Histological Grade

The most widely used grading systems
for breast cancers are the Scarff-Bloom-
Richardson classification and Fisher’s
nuclear grading system. A correlation
between histologic grade, as determined
by the Scarff-Bloom-Richardson classifi-
cation and 5-year disease-free survival
has been demonstrated by Le Doussal et
al. (1989), in a study of 1,262 women.
Patients with an Scarff-Bloom-Richardson
score of 3 had a 4.4 relative risk of recur-
rence compared with those with an Scarff-
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Bloom-Richardson of 1. Although tumor
grade has a prognostic significance, a criti-
cism of its prognostic value has been the
poor reproducibility and lack of agreement
among different observers.

Lymphatic and Vascular Invasion

Vascular invasion refers to the invasion
of lymphatic spaces, blood vessels, or
both in the peritumoral area by tumor
emboli. Lymphatic and vascular invasion
does have prognostic significance for the
risk of local and distant recurrence and
is primarily used to make decisions for
lymph node-negative patients with border-
line tumor sizes. Lee et al. (2006) studied
2,760 women with node-negative invasive
breast carcinoma with median follow-up of
13 year and showed that lymphovascular
invasion was an independent factor associ-
ated with a decreased overall survival.

Proliferation Rate

Various markers associated with the prolif-
eration capacity of tumor cells have been
studied as prognostic factors in node-nega-
tive breast cancer patients. Among the
most intensively investigated are Ki-67,
S-phase fraction, and mitotic index. The
nuclear antigen Ki-67 is expressed only
in proliferating cells (late G1, S, M, and
G2 phases of the cell cycle). Brown et al.
(1996) demonstrated that Ki-67 provides
significant independent prognostic infor-
mation and that high Ki-67 was associated
with a 1.8-fold increased risk of recurrence.
Recently Baak et al. (2007) found that the
prognostic significance of Ki-67 staining in
node-negative invasive breast cancer is age
dependent and that its overexpression is
more important in younger patients.
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S-phase fraction refers to the propor-
tion of tumor cells that are proliferating
and is measured by DNA flow cytometry.
A strong association between S-phase
fraction and disease-free interval, as well
as overall survival, was found by Bryant
et al. (1998) in a well-defined cohort of
over 4,000 breast cancer patients from
National Surgical Adjuvant Breast and
Bowel Project protocol B-14.

Mitotic index is determined by using
light microscopy on paraffin-embedded
tumor specimens stained with hematoxy-
lin and eosin to count mitotic figures and
is usually expressed as the number of
mitoses per high-power field. Only a few
studies have assessed the prognostic value
of mitotic index for decreased survival
in node-negative breast cancer patients.
Aaltomaa et al. (1992) found that volume-
corrected mitotic index is a more power-
ful predictor of clinical outcome than
uncorrected mitotic index; in multivariate
analysis mitotic index was emerged as
an independent factor associated with a
decreased overall survival.

Estrogen and Progesterone Receptors

Estrogen and progesterone receptors are
intracellular polypeptides that bind to
estrogen, translocate into the nucleus
and act as hormone-dependent transcrip-
tional regulators. Overexpression of the
progesterone receptor serves as a func-
tional assay because it indicates that
the estrogen receptors pathway is intact,
even if the tumor is reported as estro-
gen receptors-negative. The presence of
estrogen and progesterone receptors in an
invasive breast carcinoma is both prog-
nostic and predictive. Its prognostic effect
is difficult to evaluate in that it must
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be assessed in the absence of adjuvant
tamoxifen. Although conflicting results
have appeared in the literature, the larger
studies with longer follow-up have con-
sistently demonstrated that patients with
estrogen receptor-positive tumors have
longer disease-free interval than patients
with estrogen receptor-negative tumors.
Among node-negative patients, small but
statistically significant differences in dis-
ease-free interval and overall survival
times have been found between estro-
gen receptor-positive cases and estro-
gen receptor-negative cases. McGuire
et al. (1990), in a multivariate analy-
sis of prognostic factors including the
estrogen receptor status for more than
3,000 patients, showed that in node-nega-
tive patients the estrogen receptor status
was more important for prognosis than
the tumor size. Nevertheless, Donegan
(1997) demonstrated that the value of
estrogen receptor status as an independ-
ent prognostic variable is diminished
by its association with other established
indicators of favorable prognosis, such as
older age, low-grade histology, favorable
nuclear grade, low S-phase fraction, nor-
mal complement of DNA, and low prolif-
eration index.

The additional knowledge gained by
measuring progesterone receptors in
patients with node-negative disease is not
clear. The presence of progesterone recep-
tors is an indicator of an intact estrogen-
response pathway, because it is produced
by estrogen stimulation. Although, estro-
gen receptor status is a stronger predic-
tor of disease-free interval, progesterone
receptor status is more closely associated
with overall survival, probably because it
is a better indicator of response to endo-
crine therapy after disease recurrence.
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The presence of estrogen or proges-
terone receptors is, however, a powerful
predictive factor for the likelihood of ben-
efit from adjuvant endocrine therapy. The
most recent Early Breast Cancer Trialists’
Collaborative Group (1998) update of ran-
domized trials using adjuvant tamoxifen,
included 37,000 women; it was shown that
5 years of adjuvant tamoxifen led to a
47% proportional reductions in the risk
of recurrence and a 26% decrease of the
mortality risk in patients with estrogen
receptor-positive tumors.

Human Epidermal Growth Factor
Receptor-2 (HER2/neu)

HER2/neu (also known as c-erbB-2) is a
proto-oncogene that encodes a 185-kDa
tyrosine kinase glycoprotein. HER2/neu
is overexpressed in 20-30% of breast
cancers and almost always results from
gene amplification. Overexpression 1s
inversely correlated with ER expression
and is associated with poorly differenti-
ated tumors with a high proliferation rate.
Overexpression of this gene is associated
with a more aggressive clinical course, a
higher incidence of clinical relapse, and
a decrease of overall survival in node-
positive cases. However, Yamauchi et al.
(2001) have reported that, in node-nega-
tive patients, HER2/neu expression is not a
strong prognostic factor. Prognostic value
of HER2/neu expression in node-negative
breast cancers seems to become more reli-
able by measuring its amplification with
fluorescence in situ hybridization (FISH),
as mentioned by Press et al. (1997). Recent
data by Seidman et al. (2001) indicate that
HER2/neu gene overexpression, evalu-
ated with FISH, is the major predictive
factor for the efficacy of trastuzumab,
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monoclonal antibody against extracellular
domain of the HER2/neu receptor. HER2/
neu expression may also predict benefit
from adjuvant anthracyclines as have been
reported by Ravdin (2001). There are also
data suggesting that HER2/neu overex-
pression may confer “resistance” to adju-
vant endocrine therapy (tamoxifen) (De
Placido et al., 2003).

MINIMAL RESIDUAL DISEASE

The investigation and evaluation of the
above mentioned factors as well as other
not fully validated prognostic factors, may
improve our ability to accurately deter-
mine high risk for relapse patients with
early breast cancer. The development of
metastases is the final step in the natural
history of the disease and the defini-
tive confirmation of tumor aggressiveness.
Between these two steps lies the detection
of minimal residual disease. Presence of
disseminated or circulating tumor cells
in bone marrow aspirates and the periph-
eral blood, respectively, is the result of
poor prognostic parameters of the primary
tumor, and indicates, quite early, its meta-
static potential.

The detection of occult tumor cells in
the bone marrow (disseminated tumor
cells) of patients with early stage breast
cancer has been shown by several inves-
tigators to be an independent predictive
and prognostic factor for early disease
recurrence and decreased overall survival.
Braun et al. (2005) reported that the immu-
nohistochemical detection of bone marrow
disseminated tumor cells in 4,703 patients
with operable breast cancer was an inde-
pendent prognostic parameter for early
relapse and death during the first 5 years
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of follow-up. However, bone marrow is
not an easy source for monitoring dis-
seminated tumor cells. Peripheral blood
could be an ideal source for the detection
of circulating tumor cells due to the simple
sampling procedure.

CIRCULATING TUMOR CELLS

In many patients with breast cancer cir-
culating cells with the characteristics of
tumor cells can be identified in the periph-
eral blood. These cells are present not
only in patients with advanced disease, but
also in those whose tumors are apparently
localized.

The development of distant metastasis
is a cascade of linked sequential steps
involving multiple host-tumor inter-
actions. Cancer cells, acquiring certain
genetic abnormalities, grow unregulated
and eventually lose the ability to adhere
to one another. Thus, tumor cells detach
from the primary tumor, migrate through
the basement membrane and the extracel-
lular matrix, penetrate the surrounding
vessels and travel in the lymphatic and/or
blood systems to a new site. These particu-
lar cells possess many differences from
the main cell population of the primary
tumor.

Indeed, there are several references in
literature about the phenotype dissim-
ilarity between circulating or dissemi-
nated tumor cells and the primary tumor
cells. Thiery (2002) described changes
in cytoskeleton which lead to loss of epi-
thelial cell polarity, disassembly of tight
junctions, adherent junctions, and desmo-
somes, as well as increase of cell motility.
Alterations occur in a variety of genes that
encode molecules such as plakoglobin, as
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mentioned by Braun and Pantel (1999),
and Ep-CAM, as described by Thurm
et al. (2003), molecules which participate
in adhesion between cells and between
cells and extracellular matrix. Roetger
et al. (1998) found that the expression of
MMP-2, CD44 and integrins o 3, or o3,
also are altered in circulating tumor cells,
facilitating cell movement through the
extracellular matrix. In addition, Braun
and Pantel (1999), described modifica-
tions in ICAM-1 and HLA-1 expression
which help cells to escape from immune
system as well as in proteins like o, and
B, integrins or STAT-1 and (2'-5") oli-
goadenylate synthetase-1, which prevent
apoptosis. Although the fraction of apop-
totic circulating tumor cells rises after
chemotherapy, as demonstrated by Fehm
et al. (2006), data by Balic et al. (2006)
indicate that a high percentage of circulat-
ing cells demonstrate a CD44+CD24—/low
phenotype, representative of putative stem
cells with self-renewal and tumorigenic
potential.

DETECTION OF CIRCULATING
TUMOR CELLS

According to the literature, the detection
rate of circulating tumor cells in early-
stage breast cancer varies between 0% and
88%. This variability (0-88%) of results
seems to be the consequence of variations
in methodology. Factors that may influ-
ence the results include: (i) heterogeneity
of the studied populations according to
the stage since positivity increases as clinical
stage rises, (ii) the interval of time separat-
ing surgery from the obtaining of blood
samples, (iii) Hu et al. (2003) demonstrated
that surgery may increase the number of
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circulating tumor cells in the peripheral
blood. Other causes of conflicted results
include delay between collection and anal-
ysis, incorrect conditions of sample stor-
age, contamination with normal epithelial
cells during venipuncture, different criteria
or threshold of positivity and variability of
sensitivity and specificity of various mark-
ers for detecting circulating tumor cells.

Techniques for Detecting Circulating
Tumor Cells

Methods which can be used for the iden-
tification of circulating tumor cells must
mainly distinguish between epithelial and
other cells, and secondarily, cancer and nor-
mal epithelial cells. Techniques to detect
circulating tumor cells can be roughly
divided, into cytometric and nucleic acid-
based approaches. Cytometric approaches
use immunocytochemical methods to
detect circulating cells based upon the
expression of specific cell surface mark-
ers. Nucleic-acid-based approaches detect
DNA or RNA sequences that are differen-
tially expressed in tumor cells and normal
blood components. Even in metastatic
patients, the number of circulating tumor
cells in peripheral blood is very low when
compared with the surrounding blood cells.
In addition to the implementation of more
sensitive molecular techniques, enrich-
ment for the tumor cell population from
the blood may increase the sensitivity for
the detection of circulating tumor cells.

Enrichment Techniques for Preanalytical
Circulating Tumor Cells

The enrichment circulating tumor cells
is usually performed by using density
gradients (Ficoll/Hypaque, OncoQuick),
porous membranes, or immunomagnetic
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techniques (using magnetic affinity cell
sorting, magnetic beads or ferrofluid-
based systems). Density gradients allow
the isolation of mononuclear cells, which
are believed to contain the circulating
tumor cells fraction; however, tumor cell
losses may occur in the granulocyte frac-
tion. Porous membranes, with pore sizes
chosen such that smaller leukocytes pass
through, are also available for circulating
tumor cells enrichment. Magnetic affin-
ity cell sorting and magnetic beads use
antibodies, linked to small paramagnetic
beads, with an affinity for specific cells.
The cells can then be selected with a
powerful magnet. Commercially available
beads are linked to antiepithelial anti-
bodies for positive selection (HEA125,
cytokeratins, BerEP4) or linked to a mono-
clonal antibody directed against CD45
for negative selection of leukocytes. The
ferrofluid-based system uses EP-CAM
(epithelial-cell adhesion molecule) coupled
to colloids of 1nm (ferrofluids) followed
by magnetic separation.

Cytometric Techniques

Immunocytochemistry, immunofluores-
cence and flow cytometry analysis can be
used for the detection and isolation of indi-
vidual tumor cells. Immunocytochemical
methods are based on monoclonal anti-
bodies against various epithelial specific
antigens. For breast tumors, the most used
targets for antibody-based techniques are
cytokeratins. Malignant cells derived from
cells of epithelial origin tend to retain the
intermediate filaments of their progenitor
cell type. Therefore, the detection of
cytokeratins in an environment where
no cytokeratin expression is expected (such
as in the mesenclymal-derived periph-
eral blood cells) has been proposed as a
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surrogate marker for epithelial tumor cells.
Nevertheless, as reported by Zieglschmid
et al. (2005), because of the use of ille-
gitimate antibodies, a false-positive detec-
tion rate of 1-3% can be expected, since
an expression of cytokeratin has been
observed in hematopoietic cells.

Immunocytochemistry and immun-
ofluorescence are time consuming, rela-
tively expensive and difficult to use for
routine implementation. In contrast, flow
cytometry offers the advantage of a fully
automated technique allowing quantitative
measurements with high sensitivity, good
resolution, speed, reproducibility and sta-
tistical reliability. However, an advantage
of immunocytochemistry is that it may
allow further characterization of the cells
at a molecular level, in terms of expression
of key biological markers.

Nucleic Acid-Based Techniques

Polymerase chain reaction (PCR) has
been used to detect free DNA and also to
identify and characterize circulating can-
cer cells through the detection of genetic
(allele-specific expression, micro-satel-
lite instability, loss of heterozygosity)
and epigenetic alterations (methylation
status), that are specifically associated
with cancer cells, as have been reviewed
by Sidransky (1997). Although the routes
by which tumor DNA in such patients
enters the circulation currently remain
unknown, cell lysis, tumor necrosis,
apoptosis, and active cell shedding have
been hypothesized by Anker et al. (1999)
to be involved in this process. However,
this use of PCR is limited by poor specifi-
city. This is due in part to the high stabil-
ity of DNA in plasma and therefore, the
detection and measurement of circulating
tumor DNA may not be a reliable marker
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indicative of viable tumor cells actively
shedding nucleic acids and, thus, the
potential of a particular patient to develop
metastatic disease.

Reverse transcription (RT)-PCR has
been used to identify circulating tumor
cells through their expression of breast
cancer-associated mRNA transcripts. The
advantage of RNA-based approaches is
that the viability of RNA in clinical sam-
ples once released from cells is poor
because it is highly susceptible to degra-
dation by blood RNAses. Thus, detection
of an RNA transcript in a blood sample
suggests that it is present in the context of
a viable tumor cell.

The first step in RT-PCR is isolation of
peripheral-blood mononuclear cells from
the blood sample. The usual approach is
density-gradient centrifugation, although
some investigators have used immunomag-
netic separation to enrich samples for epi-
thelial cells. After RNA extraction from
the cells, reverse transcriptase is used to
transcribe target transcripts into cDNA.
The cDNA is then subjected to PCR
amplification with primers specific to the
transcript of interest. To increase sensitiv-
ity, a second PCR reaction with different
primers can be done on the amplification
product of the first reaction (nested PCR).
Reactions are run with both positive con-
trols (RNA from a breast-cancer cell line
in most cases) and negative controls. The
quality of the RNA and efficiency of the
reaction are controlled by co-amplification
of transcripts of house-keeping genes such
as those for glyceraldehyde-3-phosphate
dehydrogenase or B-actin. Products of the
RT-PCR reaction are then separated by
agarose-gel electrophoresis and stained
with ethidium bromide for detection. The
sensitivity of the assay can be assessed
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by analysis of serial dilutions of a breast-
cancer cell line in blood from a healthy
volunteer.

To improve the reliability, especially
the specificity of RT-PCR assays, quanti-
tative real-time RT-PCR may be used. An
additional advantage of real-time PCR
is that a normal range of values can be
established if the assay is done for some
controls; a cut-off point for positivity can
then be identified, improving the specifi-
city of the test. Moreover, when compared
with ‘conventional’ RT-PCR, real-time
RT-PCR relies not only on primers, but
also on internal probes that specifically
hybridize to the amplified sequences. In
addition, as described by Zieglschmid
et al. (2005), due to the continuous meas-
urement of the amplified signal, false-
positive results which could produce an
abnormally shaped and non-linear ampli-
fication curve that could be easily identi-
fied and removed. Although inhibitors of
the PCR reaction present in blood could
limit the in vivo sensitivity of nucleic-
acid-based techniques, in comparative
studies RT-PCR has higher rates of posi-
tivity than cytometric assays as have been
shown by Lambrechts et al. (1999).

Molecular Markers for Detecting
Circulating Tumor Cells

Both cytometric and nucleic-acid-based
techniques use molecular markers for the
identification of circulating tumor cells.
An ideal marker should be universally
expressed on all breast cancer cells (avoid-
ance of false-negative results), but exclu-
sively on them (avoidance of false-positive
results); moreover, it should be easily
detectable, with little variance and bear
clinical relevance.
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Markers with Low Breast Cancer
Specificity

Cytokeratins are the most widely used
markers for circulating breast cancer
cells. Various types of cytokeratins are
expressed in all epithelial tumors cells,
but they have also been detected in normal
and neoplastic non-epithelial cell types.
Cytokeratin-19 (CK-19), a cytoplasmic
intermediate filament expressed primarily
on normal and tumor cells of epithelial
origin has been studied extensively as
a potential marker for minimal residual
disease in blood. It is a very sensitive
but not a breast cancer-specific marker.
False-positive results may be obtained as
a consequence of its expression in nor-
mal tissues of small amounts (illegitimate
expression) as reported by Zieglschmid
et al. (2005) in hematological disorders;
this is due to the induction of its expres-
sion by cytokines and growth factors,
which circulate at higher concentrations in
inflammatory conditions and neutropenia.
Another reason for false-positive results is
the presence of pseudogenes which have
significant sequence homology to CK-19
mRNA. Two CK-19 pseudogenes, CK-19a
and CK-19b have been described by Ruud
et al. (1999). Other markers that have
been tested are cytokeratins 8, 18 and 20,
cell adhesion molecules (EpCAM), CEA,
growth factor receptors EGFR and ERBB2
and the glycosylated protein mucin-1.

Markers with High Breast Cancer
Specificity

In order to increase the specificity of
detection methods, many investigators
evaluated several markers with almost
exclusive expression on breast tissues.
Molecules such as mammaglobins A and B,
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maspin, BS106 protein, transcription factor
ESRI and trefoil peptides TFF1 and TFF3,
although have high diagnostic accuracy
for the detection of circulating breast can-
cer cells, they are not universally overex-
pressed in breast cancer cells. Moreover,
evaluation of their expression in primary
tumor is required before blood testing for
circulating tumor cells.

CLINICAL RELEVANCE OF
CIRCULATING TUMOR CELLS

Although the importance of disseminated
tumor cells in bone marrow is well estab-
lished as has been demonstrated by many
authors, the significance of circulating tumor
cells is less investigated and still uncertain.
Stathopoulou er al. (2002) evaluated the
presence of circulating tumor cells express-
ing CK-19 mRNA by nested RT-PCR in
the peripheral blood of patients with stage I
and II breast cancer before the initiation of
any adjuvant cytotoxic or hormone therapy.
Circulating CK-19 mRNA-positive cells
could be detected in almost 30% of patients,
and multivariate analyses demonstrated that
the presence of these cells was an independ-
ent prognostic factor for decreased disease-
free interval and overall survival.

Our group has recently found that per-
sistence of CK-19 mRNA-positive cells
after the completion of adjuvant chemo-
therapy had a negative effect on dis-
ease-free interval, which was dependent
upon the number of involved lymph nodes
(Xenidis et al., 2003). More specifically,
the hazard of relapse for patients with <
three involved axillary lymph nodes and
detectable CK-19 mRNA-positive cells
after adjuvant chemotherapy was 3.81
times higher than that of patients with
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CK-19 mRNA-negative cells. In contrast,
Wiedswang et al. (2006) reported that
in lymph-negative patients, disseminated
tumor cell status in bone marrow, but not
in peripheral blood, predicted differences
in disease-free interval.

Predictive and Prognostic Value
of Circulating Tumor Cells
in Node-Negative Breast Cancer
Patients

In an effort to elucidate the importance
of circulating tumor cells in the periph-
eral blood of node-negative breast can-
cer patients before the initiation of any
adjuvant treatment, a prospective study
has been conducted in the Department of
Medical Oncology of University General
Hospital of Crete (Xenidis et al., 2006).
Peripheral blood was obtained from 167
patients with NO breast cancer before the
initiation of adjuvant treatment (usually
3-4 weeks after primary surgery). There
was no clinical or radiological evidence of
distant metastasis in all enrolled patients.
Immunostaining with an anti-CK-19 mouse
antihuman monoclonal antibody was per-
formed in all paraffin-embedded axillary
lymph nodes in order to ensure that all
patients had node-negative disease.

Most of the patients received adjuvant
chemotherapy in the context of research
protocols especially designed for patients
with high-or low-risk node-negative breast
cancer. Adjuvant chemotherapy consisted
of FEC (fluorouracil, epirubicin and cyclo-
phosphamide), T/EC (epirubicin, cyclo-
phosphamide followed by docetaxel) as
well as classical CMF (cyclophosphamide,
methotrexate and fluorouracil). Tamoxifen
was administered to all patients with estro-
gen-or progesterone-positive tumors.
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All blood samples tested for the pres-
ence of CK-19 mRNA-positive cells, using
a real time PCR assay. Detection of CK-19
mRNA-positive circulating tumor cells
was significantly associated with HER2/
neu-positivity (p = 0.033) but not with
other patients’ or tumors’ clinicopatho-
logic characteristics. The median follow-up
period for the whole group of patients was
32 months. During this period, 20 patients
(12%) presented a distant or/and locore-
gional recurrence. Clinical recurrence was
significantly more frequent in patients
with (44.4%) than without (3%) detectable
CK-19 mRNA-positive circulating cells (p
< 0.000001). The median number of CK-
19 mRNA-positive cells was 0.8 MCF-7
cell equivalents/5ug RNA and 0.0 MCF-
7 cell equivalents/Sug RNA in relapsed
and non-relapsed patients, respectively
(Mann-Whitney test, p <0.00001). The
median disease-free interval for patients
with detectable CK-19 mRNA-positive
circulating tumor cells was 55 months,
whereas a disease-free interval has not
yet been reached for patients without
CK-19 mRNA-positive cells (log-rank p
< 0.00005). During the follow-up period,
eight patients (4.8%) died as a result
of disease progression. Seven (87.5%)
of these patients had detectable CK-19
mRNA-positive circulating cells com-
pared with only one death observed in
the group of patients without detectable
cells (p < 0.00005). Although, the median
overall survival has not yet been reached,
patients with detectable circulating cells
had a significantly shorter overall survival
compared with patients with undetectable
cells (log-rank p < 0.00005). Cox regres-
sion analysis revealed that detection of
circulating cells remained the only inde-
pendent prognostic factor for overall sur-
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vival. Multivariate analysis revealed that
detection of circulating cells, as well as
estrogen receptor—negative tumors his-
topathologic grade 3, premenopausal sta-
tus and the administration of CMF were all
found to be independent predictive factors
for early relapse.

CONCLUSION

The TNM system is incapable of identify-
ing a subgroup of women who, although
they have an early-stage breast cancer,
may be at high risk of relapse and death.
This is especially true for patients with
small and node-negative tumors; therefore,
it is important to develop new predictive
and prognostic markers. Detection of min-
imal residual disease, either as dissemi-
nated tumor cells in bone marrow or as
circulating tumor cells in peripheral blood,
comprises an independent predictive and
prognostic factor for early relapse and dis-
ease-specific death, respectively. However,
there are discrepancies in the literature
concerning the prognostic and predic-
tive value of disseminated tumor cells in
node-negative breast cancer patients. We
cannot exclude methodologic reasons that
may influence the detection limits of the
used assays that may account for this phe-
nomenon. Some of these problems may be
eliminated by the development of stand-
ardized assays that are sensitive enough
to detect a low load of occult tumor cells,
facilitating thus the evaluation of the clini-
cal significance of occult tumor cells in
node-negative breast cancer patients.
Peripheral blood could be a valuable
source for monitoring circulating tumor
cells due to the simple sampling proce-
dure. This opens the way to further investigate
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important questions such as whether the
detection of circulating tumor cells should
be performed in all patients at the time
of primary diagnosis to identify high-risk
patients or circulating tumor cells detec-
tion at diagnosis should modify the adju-
vant therapeutic strategy. Finally, it is very
important to understand the clinical impor-
tance of the detection of circulating tumor
cells during the administration of adjuvant
chemotherapy or hormone-therapy which
would allow the development of secondary
adjuvant therapeutic strategies.
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Breast and Colon Carcinomas: Detection
with Plasma CRIPTO-1
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INTRODUCTION

Human Cripto-1 (CR-1), also known as
teratocarcinoma-derived growth factor-1
(TDGF-1) is a member of the Epidermal
Growth Factor (EGF)-Cripto-1/FRL-1/
Cryptic (CFC) protein family (Bianco
et al., 2005a; Strizzi et al., 2005).
Structurally the EGF-CFC family con-
sists of extracellular soluble or cell mem-
brane-associated proteins that contain an
NH,-terminal signal peptide, a modified
EGF-like region, a conserved cysteine-
rich domain (the CFC motif), and a short
hydrophobic COOH-terminus which, with
the exception of FRL-1, contains addi-
tional sequences for glycosylphosphati-
dylinositol (GPI) cleavage and attachment
(Bianco et al., 2005a). Unlike the canoni-
cal EGF motif that contains three disulfide
loops (A, B and C), the variant EGF-like
motif in the EGF-CFC proteins lacks
the A loop, possesses a truncated B loop
and has a complete C loop. Because the
EGF-CFC peptides lack the A loop, these
proteins do not directly bind to any of
the known HER-related tyrosine kinase

receptors either as homodimers or het-
erodimers (Bianco er al., 1999, 2005a).
The CFC domain of human CR-1 contains
three disulfide bonds in a pattern which
structurally resembles the von Willebrand
factor C (VWFC)-like domains found
within the COOH-terminal extracellular
portions of the Notch ligands, Jaggedl,
and Jagged2 (Foley et al., 2003). Like
several of the Notch receptor proteins, all
of the EGF-CFC proteins contain a con-
sensus O-linked fucosylation site within
the EGF-like motif initially thought to be
necessary for their ability to function as
a coreceptor for the transforming growth
factor B (TGFp)-related protein, Nodal
(Schiffer et al., 2001). However, a recent
study demonstrates that it is the amino
acid threonine to which fucose is bound
and not fucose per se that is required for
CR-1 coreceptor activity with Nodal (Shi
et al., 2007). Biochemical characteriza-
tion of human CR-1 identified Asn-79 as
being an N-linked glycosylation site with
> 90% occupancy, and Ser-40 and Ser-161
as being O-linked glycosylation sites with
80% and 40% occupancy, respectively
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(Bianco et al., 2005a). Whether muta-
tion of these other glycosylation sites can
affect the biological activity of CR-1 is
presently unknown.

FUNCTION OF CRIPTO-1
DURING EMBRYONIC
DEVELOPMENT

Mouse Cripto-1 (Cr-1) mRNA expres-
sion is found in the mouse embryonic
ectoderm following implantation of the
blastocyst (Bianco et al., 2005a; Strizzi
et al., 2005). Expression increases on
day 6.5 of gestation and is found in the
ingressing epiblast cells in the nascent
primitive streak and increases dramati-
cally in the developing mesoderm cells
as the epiblast cells undergo epithelial
mesenchymal transition (EMT) (Bianco
et al., 2005a; Strizzi et al., 2005). During
EMT, intercellular contacts between epi-
thelial cells are lost due to decreased E-
cadherin expression and disruption of the
adherens junction complex. As a result,
cells become less adhesive and poten-
tially more motile. Also, during EMT,
alteration in architecture and molecular
composition of the cytoskeleton causes
epithelial cells to acquire a more spin-
dle-shaped, mesenchyme-like phenotype
(Boyer et al., 2000). Expression of Cr-1
then decreases in the embryo by day 7.
Subsequent fetal stages show expres-
sion of Cr-1 in myocardial tissue of the
developing heart. Cr-1, therefore, plays
a vital role during embryogenesis and
fetal development because Cr-1 null mice
(Cr-17") die at day 7.5 due to their inability
to gastrulate and form appropriate germ
layers (Bianco et al., 2005a).
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CRIPTO-1 IN HUMAN
MAMMARY GLAND
DEVELOPMENT AND
TUMORIGENESIS

In the postnatal mouse, Cr-1 has been
detected at variable levels during different
stages of mammary gland development
with the highest levels reported during preg-
nancy and lactation (Bianco et al., 2005a).
Elevated levels of Cr-1 mRNA and protein
were detected in mammary gland epithe-
lium of older breeder Balb/c mice that have
a relatively higher incidence of developing
mammary tumors (Herrington et al., 1997).
Our group has also detected biologically
active CR-1 in human milk demonstrating
that CR-1 is a secretory component of the
mammary gland and that a soluble form
of CR-1 may play a role in the regulation
of proliferation and differentiation of milk
producing cells (Bianco et al., 2001).
Native mouse and human Cripto-1 pro-
teins are 24, 28, and 36kDa in size, and
additional proteins ranging from 14 to
60kDa have also been identified in mouse
and human normal tissues and carcinomas
(Bianco et al., 2005a). The variation in
size of these protein species may be due to
the removal of the hydrophobic signal pep-
tide and/or to additional post-translational
modifications, such as glycosylation, myr-
istylation, or phosphorylation of the core
protein (Bianco et al., 2005a). Mouse
Cr-1 protein can be released by treatment
of cells with phosphatidylinositol-specific
phospholipase C (PI-PLC) (Minchiotti
et al., 2000). Removal of the COOH-
terminal portion of mouse and human
Cripto-1 generates soluble forms of this
protein. These soluble forms of Cripto-1
are biologically active and can function as



15. Breast and Colon Carcinomas: Detection with Plasma CRIPTO-1

coligands for Nodal in a number of differ-
ent assays in vivo in zebrafish, Xenopus,
and mice, and in vitro in reporter assays
(Minchiotti et al., 2001; Bianco et al.,
2005a). Full activity requires the pres-
ence of a peptide containing only an intact
EGF domain and CFC domain (Minchiotti
et al., 2001; Bianco et al., 2005a).

To investigate the potential role of Cr-1
during mouse mammary gland tumorigen-
esis, Cr-1 expression has been investigated
in different mammary gland tumors from
transgenic mice overexpressing either
HER-2/neu, transforming growth factor o
(TGFw), int-3, polyoma middle T (PyMT),
or simian virus 40 large T antigen, as the
expression of these transgenes has been
shown to lead to the spontaneous develop-
ment of mammary gland tumors (Bianco et
al., 2005a; Strizzi et al., 2005). In fact, all
of these tumors expressed significant levels
of Cr-1 as determined by reverse transcrip-
tion-polymerase chain reaction, Western
blot analysis, and immunohistochemistry.

Expression of Cr-1 was also consistently
expressed in hyperplastic mammary glands
of PyMT, HER-2/neu, and TGFo mouse
transgenic models, suggesting a role for Cr-
1 in progression and deregulation of mam-
mary epithelial proliferation (Niemeyer et
al., 1999; Bianco et al., 2005a; Strizzi et
al., 2005). Furthermore, overexpression of
a human CR-1 transgene in the mouse
mammary gland under the control of the
mouse mammary tumor virus (MMTYV) or
the whey acidic protein (WAP) promoter
results in mammary multifocal hyperpla-
sias and adenocarcinomas in ~30-50%
of multiparous mice (Sun et al., 2005;
Wechselberger et al., 2005).

Although estrogen receptor-positive
MCF-7 human breast cancer cells overex-
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pressing CR-1 failed to grow in the absence
of estrogens, they showed higher prolifera-
tion rates in serum-free medium, increased
colony formation in soft agar, increased
resistance to apoptosis induced by disrup-
tions in cell-matrix interactions (known as
anoikis), and increased invasiveness as com-
pared to control MCF-7 cells (Normanno
et al., 2004a). Overexpression of Cr-1 in the
mouse mammary epithelial cell line EpH4
also caused increased cell proliferation and
anchorage-independent growth in soft agar.
EpH4 overexpressing Cr-1 also formed
duct-like structures when grown in colla-
gen type I matrix and exhibited enhanced
chemotaxsis and migration when cultured
on plastic or on porous filters coated with
Matrigel (Wechselberger et al., 2001). The
effects of Cr-1 in EpH4 cells also suggest
that Cr-1 might play a role in inducing
EMT of mammary epithelial cells. This has
been further validated in human cervical
carcinoma cells overexpressing Cr-1 which
showed increased expression of vimen-
tin and increased migration and invasion
through matrix-coated membranes, sug-
gesting that CR-1-induced vimentin expres-
sion may contribute to a more aggressive
phenotype of cervical carcinoma (Ebert
etal.,2000). In fact, vimentin is an important
cytoskeletal component of the mesenchymal
cell cytoskeleton, and is characteristically
increased in epithelial cells and tumors dur-
ing EMT (Steinert and Roop, 1988).
Further evidence of the role that Cr-1
might play in the induction of EMT is
based on a study by Strizzi et al. (2004).
In this regard, decreased expression of
E-cadherin and increased expression of
N-cadherin, vimentin and several different
types of integrins was observed in mam-
mary gland hyperplasias and tumors from
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MMTV-CR-1 transgenic mice and in the
mouse mammary epithelial cell line, HC-
11, overexpressing CR-1 (HC-11/CR-1).
Also, in the CR-1 transgenic mammary
gland tumors and HC-11/CR-1 cells, the
zinc-finger repressor transcription factor,
snail, which is known to down-regulate
E-cadherin expression, was found to be
expressed at significantly higher levels
as compared to control nontumorigenic
mammary tissue (Strizzi et al., 2004).
Cripto-1 has been shown to be a tar-
get gene during canonical wnt/B-catenin
signaling (Morkel ez al., 2003). Both the
CR-1 transgenic mammary tumors and the
HC-11/CR-1 cells were found to express
the phosphorylated inactive form of glyco-
gen synthease kinase 33 (GSK-3p) as well
as the non-phosphorylated active form of
[B-catenin, suggesting a possible link between
CR-1 and a canonical wnt signaling path-
way. In fact, during wnt signaling, non-phos-
phorylated B-catenin is translocated to the
nucleus in a complex with Tcf/Lef-1, and
functions as a transcription factor activating
gene such as c-myc, cyclin-D1 and slug (that
is related to snail) that has been shown to be
involved in increased cell survival, prolifera-
tion, and migration (Polakis, 2000). Several
of these wnt signaling target genes have been
shown to be upregulated in mouse mammary
epithelial cells overexpressiong CR-1 and in
mammary tumor tissues of MMTV-CR-1
transgenic mice (Strizzi et al., 2004).

INTRACELLULAR SIGNALING
PATHWAYS ACTIVATED
BY CRIPTO-1

Until recently, Cripto-1 had been consid-
ered as an orphan ligand. Several studies
have implicated Cripto-1 in the activation of
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multiple intracellular signaling pathways
revealing a complex interplay of signal-
ing molecules activated by Cripto-1 dur-
ing embryonic development and cellular
transformation. These pathways are exten-
sively reviewed by Bianco ef al. (2005a).
It suffices to highlight that the major
signaling pathways activated by Cripto-1
are a Nodal/ALK4/ALK7/Smad-2 signal-
ing pathway and a Nodal-independent
Glypican-1/c-src/mitogen activated pro-
tein kinase (MAPK)/AKT signaling path-
way, which are known to induce certain
cellular activities such as proliferation,
survival, and migration. Activation of
these signaling pathways can be achieved
by a soluble GPI-truncated human CR-1
recombinant protein or by a refolded pep-
tide containing only the EGF-like domain,
suggesting that CR-1 can function as
a soluble growth factor in mammalian
cells (Bianco et al., 2002, 2005a). In this
respect, it has been reported that cleav-
age of the GPI-linkage from the mouse
Cr-1 protein with PI-PLC generates a
functional soluble protein (Minchiotti e?
al., 2000). Furthermore, CR-1 can also
be detected in the conditioned medium of
several human carcinoma cell lines over-
expressing CR-1, suggesting that a solu-
ble isoform of CR-1 is naturally cleaved
from the cell membrane (Normanno
et al., 2004a).

We have previously shown that a
soluble CR-1 recombinant protein can
enhance the tyrosine phosphorylation of
the SH2-adapter protein Shc, triggering
the downstream activation of the ras/raf/
MAPK and phosphatidylinositol 3" kinase
(PI3K)/AKT/GSK-3f signaling pathways
in several different mouse and human cell
lines (Bianco et al., 2005a). Surprisingly,
activation of these two intracellular signaling
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pathways is independent of Nodal and
ALK4. In fact, CR-1 can enhance the
phosphorylation of MAPK and AKT in
EpH4 mouse mammary epithelial cells
and MC3T3-E1 osteoblast cells that lack
Nodal and ALK4 expression, respec-
tively (Bianco et al., 2002). Activation
of these two signaling pathways is medi-
ated by direct binding of CR-1 to the
GPI-linked heparan sulphate proteogly-
can (HSPG) Glypican-1, which can then
activate the cytoplasmic tyrosine kinase
c-src triggering activation of MAPK and
AKT (Bianco et al., 2003). Moreover,
Glypican-1 and c-src are required by
CR-1 to stimulate MAPK and AKT phos-
phorylation in mammary epithelial cells.
Reciprocally, CR-1 can enhance Smad-2
phosphorylation in mammary epithelial
cells independently of Glypican-1 and c-
src, suggesting that these are two distinct
pathways, which are activated by CR-1
in mammalian cells. Finally, an intact c-
src kinase is required by CR-1 to induce
in vitro transformation and to enhance
migration in mammary epithelial cells,
suggesting that inappropriate activation
of c-src by CR-1 in a Nodal and ALK4
independent manner may play a key
role in promoting cellular transformation
(Bianco et al., 2003).

EXPRESSION OF CRIPTO-1
IN HUMAN COLON AND
BREAST CARCINOMAS

Several studies have demonstrated that
CR-1 is overexpressed in a number of
human breast, colon, gastric, and pan-
creatic cancer cell lines, suggesting that
this protein may function as an autocrine
growth factor in these tumor cells (Bianco
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et al., 2005a). More recently, a wide, com-
parative screening for CR-1 expression in
cell lines from different carcinoma types
has been completed (Normanno et al.,
2004b). CR-1 mRNA and/or immunoreac-
tive protein was detected in cells derived
from non-small cell lung cancer (NSCLC)
and from ovarian, testicular, and renal car-
cinomas.

Expression of CR-1 mRNA and/or
immunoreactive protein in primary human
colon and breast carcinomas has been con-
firmed by several studies. High levels of
CR-1 mRNA and protein have been found
in 73% of primary and metastatic color-
ectal cancers. In particular, CR-1 mRNA
expression by Northern blot analysis was
detected in 68% of primary or metastatic
human colorectal cancers, but only in 3%
of noninvolved adjacent colon mucosa
(Ciardiello et al., 1991). Expression of
the CR-1 protein was demonstrated by
using immunohistochemistry in 79% of
colon tumors, in 57% of tubulovillous or
tubular adenomas and in 12% of the non-
involved normal colonic mucosa adjacent
to tumors or adenomas, but not in normal
colon mucosa specimens (Saeki er al.,
1992). These data have been confirmed
in additional studies in which immuno-
reactive CR-1 was detected in 67-84%
of colorectal carcinomas and in 42-55%
of colon adenomas (De Angelis et al.,
1999; Saeki et al., 1995). In the study by
Saeki et al. (1995), expression of CR-1 in
normal colonic mucosa was not observed,
whereas 22% of hyperplastic polyps were
found to express significant levels of CR-
1 protein. Furthermore, the frequency of
CR-1 expression in the adenomas cor-
related with the degree of dysplasia, and
with the size and the histological subtype
of colon adenomas (Saeki er al., 1994).
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Non-polypoid flat adenomas had a higher
frequency of CR-1 expression than poly-
poid lesions. Therefore, all these stud-
ies suggest that CR-1 may be a tumor
marker for human colorectal cancer and
may be involved in the early events of
colon carcinogenesis (Saeki et al., 1995).
In agreement with this hypothesis, CR-1
expression was detected in 62% of normal
colon mucosa specimens from individuals
that belong to families with a high inci-
dence of colorectal carcinomas, whereas
only 20% of colon mucosa from low risk
patients specimens were positive for CR-1
(De Angelis et al., 1999). In an additional
study, CR-1 immunoreactivity was found
in 71% of primary rectal carcinomas and in
37% of normal rectal mucosa adjacent to
carcinoma (Gagliardi et al., 1994). Tumors
with CR-1 immunoreactivity extending to
the adjacent normal mucosa showed an
increase in the incidence of bowel wall
penetration, lymph node involvement and
a recurrence rate of 100%, suggesting a
correlation between CR-1 immunoreactiv-
ity in the non-involved adjacent mucosa
and prognosis and survival of patients with
rectal tumors.

CR-1 mRNA and/or protein can be
detected in ~ 80% of primary human infil-
trating breast carcinomas, in 47% of ductal
carcinoma in situ (DCIS), in 13% of non-
involved adjacent breast tissue samples,
and in ~ 6% of normal breast specimens
(Normanno et al., 1995; Panico et al.,
1996). In the normal mucosa specimens,
a limited number of epithelial cells stain
for CR-1 (< 25%) (Panico et al., 1996).
In these studies, no significant correla-
tions were observed between CR-1 mRNA
expression or immunoreactivity and vari-
ous clinicopathological parameters such
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as tumor stage, estrogen receptor status,
lymph node involvement, histologic grade,
proliferative index as assessed by Ki-67
staining, flow cytometry or loss of het-
erozygosity (LOH) on chromosome 17p
(Normanno et al., 1995; Panico et al., 1996).
More recently, a cohort of 120 patients
with operable breast cancer were analysed
for expression of CR-1 by using tissue mic-
orarrays (Gong et al., 2007). Expression of
CR-1 was detected in 47.5% of patients.

A significant association was found
between CR-1 immunostaining and several
clinicopathological features of the tumors.
In particular, expression of CR-1 was more
frequent in patients with poor prognosis
according to the Nottingham Prognostic
Index, histological grade 3 tumors as com-
pared with grade 1 lesions, and high cell
proliferation Ki-67 index as compared with
low index. A long follow up was available
for these patients (median 125 months).
Univariate analysis revealed a significant
correlation between overexpression of CR-
1 and poor prognosis. Multivariate analysis
confirmed that CR-1 expression is an inde-
pendent prognostic factor in breast cancer
patients. Finally, in human primary breast
carcinomas, CR-1 is frequently coexpressed
with other EGF-related peptides, such as
TGFa, amphiregulin (AR), and heregu-
lin, implying that different growth factors
might cooperate in supporting the autono-
mous proliferation of breast cancer cells.
A positive correlation between nuclear
HER-4 expression and CR-1 expression
in primary human breast carcinomas has
also been described (Srinivasan et al.,
2000). This finding is intriguing because
it has been shown that CR-1 can indirectly
enhance the tyrosine phosphorylation of
HER-4 (Bianco et al., 1999).
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CRIPTO-1 AS TARGET
FOR THERAPEUTIC
INTERVENTION IN HUMAN
CARCINOMAS

The high frequency of CR-1 expression
in human carcinomas and lack or low
levels of expression in normal tissues
make it a potential target for therapeutic
intervention. Different approaches can be
used to inhibit the activity of a growth
factor: block its synthesis, neutralize its
activity, or block the activation of its cog-
nate receptor. CR-1 can activate different
receptor signaling pathways through bind-
ing with different putative receptor mol-
ecules or by interacting with other growth
factors such as activin A and B, TGF-f1,
and Tomoregulin-1 (Bianco et al., 2005a;
Gray et al., 2006). Therefore, therapeutic
approaches aimed to block CR-1 activ-
ity have mainly been based upon the use
of antisense oligonucleotides to reduce
its expression or neutralize antibodies to
block the activity of the CR-1 protein.
Sequence specific antisense (AS) oligo-
nucleotides or AS expression vectors can
block the expression of specific proteins
by binding to the corresponding mRNA
and preventing translation. This approach
has been successfully utilized to impair
CR-1 expression in several different types
of human carcinoma cells. In particular,
inhibition of CR-1 expression in human
GEO and CBS colon cancer cells by
using either an amphotropic recombinant
CR-1 AS mRNA retroviral expression
vector or CR-1 AS phosphorothioate oli-
gonucleotides resulted in a significant
growth inhibition in vitro (Ciardiello et al.,
1994). GEO cells that were infected with
the CR-1 AS retroviral vector exhibited
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a reduced tumorigenicity in nude mice.
CR-1 infected GEO cells formed tumors
that were smaller and appeared after a
longer latency period as compared with
non-infected colon cancer cells. Similar
results were obtained in NTERA2 human
embryonal carcinoma cells (Baldassarre
et al., 1996). A superadditive effect was
observed in reducing the growth of GEO
cells in vitro when a CR-1 AS oligonu-
cleotide was combined with TGFo. AS
and AR AS oligonucleotides, suggesting
that different growth factors contribute to
regulate the proliferation of colon cancer
cells (Normanno et al., 1996). Similarly,
an additive growth inhibitory effect was
observed in MDA-MB-468 human breast
cancer cells that had been treated with
a combination of a CR-1 AS oligonu-
cleotide and both TGFa AS and AR AS
oligonucleotides (De Luca et al., 1999).
Provocative data have also been obtained
using combinations of CR-1 AS oligonu-
cleotides with conventional chemothera-
peutic drugs in colon cancer cells (De
Luca et al., 1997). In a clonogenic assay,
pretreatment of GEO cells with different
concentrations of 5-fluorouracil, adriamy-
cin, mitomycin C, or cis-platinum induced
an additive growth inhibitory effect when
the cells were subsequently treated with a
CR-1 AS oligonucleotide.

Anti-CR-1 second generation antisense
oligonucleotides have also been developed.
These molecules contain phosphorothioate
backbone, and segment of 2’-O-methylri-
bonucleosides modified at both the 5” and
3’ ends of the oligonucleotide (MBOs).
MBOs show increased affinity to tar-
get mRNA, increased biological activity,
reduced polyanionic-related side effects,
and increased in vivo stability as compared
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with phosphorothioate oligonucleotides
(Agrawal and Zhao, 1998). Furthermore,
it has been shown that these compounds
are active following oral administration
(Agrawal and Zhao, 1998). CR-1 AS
MBOs were able to block the in vitro
growth of carcinoma cell lines derived
from different carcinoma types, including
colon and breast cancer (De Luca et al.,
2000; Normanno et al., 2004b). Treatment
of carcinoma cells with CR-1 AS oligonu-
cleotides resulted in a significant reduc-
tion in the levels of expression of CR-1
mRNA and protein. Furthermore, treat-
ment with CR-1 AS MBOs produced in
colon carcinoma cells a significant reduc-
tion in the levels of activation of AKT but
not of p42/p44 MAPK. Administration of
these agents by either the intra-peritoneal
or the oral route resulted in a significant
reduction in the growth of colon cancer
xenografts in immunocompromised mice
(De Luca et al., 2000; Normanno et al.,
2004b). Interestingly, treatment with the
combination of CR-1, AR, and TGF«x
MBOs produced a more significant growth
inhibition of colon cancer xenografts as
compared with treatment with a single oli-
gonucleotide. The combination also pro-
duced a significant reduction in the levels
of microvessels in the treated tumors as
compared with untreated tumors or tumors
from animal treated with a single AS oli-
gonucleotide. This observation suggests
that the anti-tumor effect of CR-1-target-
ing agents might be at least in part related
to the pro-angiogenetic properties of CR-
1 (Bianco et al., 2005b).

Finally, CR-1 AS oligonucleotides have
also been used in combination with agents
that block different intracellular signal
transduction pathways (Normanno et al.,
1999). In particular, a CR-1 AS MBO has
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been used in combination with a human-
ized anti-human epidermal growth fac-
tor receptor monoclonal antibody (mAb)
C225 and with 8-Cl-cAMP, a specific ana-
log that inhibits type I protein kinase A.
Low doses of each agent produced only a
15-35% growth inhibition in GEO cells in
vitro, but when a CR-1 AS oligonucleotide
was combined with either the MAb C225
or with 8-Cl-cAMP, a synergistic antipro-
liferative effect occurred. Moreover, when
the three agents were added together, a
nearly complete suppression in the ability
of GEO cells to grow in soft agar occurred.
Interestingly, treatment with all three com-
pounds induced apoptosis in GEO cells
whereas single treatment or a combination
of only two agents failed to induce any
apoptosis.

More recently, monoclonal blocking
antibodies directed against CR-1 have been
developed. In particular, Adkins et al. (2003)
have generated mouse mAbs that were able
to prevent the binding of CR-1 to Activin B
and, therefore, to reverse the CR-1 blockade
of Activin B-induced growth suppression
in human breast carcinoma cells. The anti-
CR-1 antibodies were able to inhibit tumor
cell growth up to 70% in two xenograft
models of testicular and colon cancers.
Both Nodal and Activin B were found
to be expressed in the tumor xenografts,
suggesting that the anti-tumor activity of
the anti-CR-1 mAb might be related to its
ability to block the interactions of CR-1
with both signal transduction pathways.
Finally, rat monoclonal antibodies directed
against the EGF-like domain of the CR-1
peptide produced a significant inhibition of
the in vitro growth of different carcinoma
cell lines (Xing et al., 2004). The anti-CR-
1 mAbs also prevented tumor develop-
ment in vivo and inhibited the growth of
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established tumors of LS174T colon
xenografts in immunocompromised mice.
Treatment with the anti-EGF-like domain
antibodies produced a significant reduction
in the levels of activation of AKT, activa-
tion of c-Jun-NH2-terminal kinase and p38
kinase signaling pathways, and ultimately
apoptosis in cancer cells. In agreement with
previous findings by De Luca et al. (1997),
treatment of colon cancer cells with a com-
bination of the rat anti-CR-1 antibodies
and conventional cytotoxic drugs, such as
5-fluorouracil, epirubicin or cis-platinum,
resulted in a more significant inhibition of
tumor cell growth as compared with treat-
ment with a single agent.

DETECTION OF CRIPTO-1
IN THE PLASMA OF BREAST
AND COLON CANCER
PATIENTS WITH ENZYME-
LINKED IMMUNOSORBENT
ASSAY (ELISA)

Because CR-1 is expressed at high levels
in different types of human malignan-
cies, detection and measurement of CR-1
levels in human plasma/and or serum may
have clinical significance. We, therefore,
developed a sandwich-type enzyme-linked
immunosorbent assay (ELISA) to ana-
lyze CR-1 levels in plasma samples from
patients with colon and breast cancers
although this methodology can be applied
to a wide variety of human biological fluids
containing CR-1 protein, as we have previ-
ously shown for human milk (Bianco et al.,
2001, 2006). Sandwich ELISA has been
shown to be more sensitive than ELISA, in
which the antigen is directly bound to the
plate (Borgono et al., 2003). In a sandwich

197

ELISA, a monoclonal antibody directed
against a target antigen (capture antibody)
is usually captured on a 96-well microtiter
plates and another antibody of different
species is used as the detection antibody.
In our sandwich ELISA for CR-1, an anti-
CR-1 mouse monoclonal antibody (A10.
B2.18, Biogen-Idec, Cambridge, MA) was
used as the capture antibody and an anti-
CR-1 rabbit polyclonal antibody (Biocon,
Frederick, MD) was used as the detection
antibody.

Sandwich ELISA method for detecting
CR-1 in biological fluids

1. Adsorb anti-CR-1 mouse monoclonal
antibody A10.B2.18 (1pug/well) to 96-
wellmicrotiter plates and incubate for
1h at room temperature.

2. Block the plates with 2% milk (200 ul/
well) (Kirkergaard & Perry Laboratories,
Gaithersburg, MD) for 1h at room tem-
perature.

3. Wash the plates three times with wash-
ing buffer (200ul/well) containing
0.002M imidazole buffered saline with
0.02% Tween-20 (Kirkergaard & Perry
Laboratories).

4. Add 100-200ul of undiluted samples
(i.e., plasma, milk, etc.) per well and
incubate overnight at 4°C.

5. For the standard curve use CR-1 recom-
binant protein (R&D Biosystems,
Minneapolis, MN) adsorbed at concen-
trations ranging from 30pg to 1 pg/well
and for negative controls use 2% milk
blocking buffer (100-200ul according
to the volume of the samples).

6. Remove unbound CR-1 by washing the
plates five times with washing buffer
and add anti-CR-1 rabbit polyclonal
antibody (Biocon) diluted 1:3,000 in
1% milk diluent buffer containing 1%
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non-fat dry milk in a borate buffer for
1 h at room temperature (Kirkergaard &
Perry Laboratories).

7. Wash plates five times with washing buffer
and add goat anti-rabbit IgG conjugated to
horseradishperoxidase(1:3000; Amersham
Pharmacia Biotech, Piscataway, NJ) for 1 h
at room temperature.

8. Wash plates five times with washing
buffer and add 100 ul/well of TMB per-
oxidase substrate containing 3, 3', 5, 5'-
tetramethylbenzidine in an acidic buffer
(Kirkergaard & Perry Laboratories).
Incubate plates in the dark for 10 min to
allow color to develop.

9. Add TMB stop solution (1% HCI)
(Kirkergaard & Perry Laboratories) in
the same volume of the TMB per-
oxidase substrate buffer and after 5 min
read the absorbance at 450 nm.

This sandwich ELISA for CR-1 is highly
specific, because no cross-reactivity of
the mouse monoclonal and rabbit poly-
clonal anti-CR-1 antibodies with mem-
bers of the EGF-family of peptides was
detected. In fact, EGF, AR, heparin-bind-
ing EGF, and heregulin-B1, which share
amino acid sequence similarities within
the EGF-like domain with CR-1 protein,
were not detected in this sandwich ELISA
for CR-1, with readings comparable with
the background signal. Furthermore, using
this sandwich ELISA for CR-1 we were
able to detect human CR-1 in the plasma
of MMTV-CR-1 transgenic mice. No CR-
1 protein was detected in the plasma of
FVB/N control mice because the anti-
CR-1 mouse monoclonal antibody (A10.
B2.18) used in the sandwich ELISA could
only react with the human CR-1 trans-
gene and not with the endogenous mouse
Cr-1 protein (Adkins et al., 2003). CR-1
was detected in the plasma of MMTV-
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CR-1 mice during pregnancy (0.047 =
0.0035ng/ml), and in mice with hyper-
plastic lesions of the mammary gland
(0.041 = 0.0056 ng/ml) or with mammary
adenocarcinomas (0.052 = 0.0021 ng/ml).
No statistically significant differences
were observed among these three groups
of animals, probably due to the constitu-
tive expression of high levels of CR-1 in
the mammary gland driven by the MMTV
promoter.

CR-1 has also been detected by Western
blot analysis and ELISA in 24 human milk
samples with concentrations between 62
and 118 ng/ml (Bianco et al., 2001). CR-1
purified from human milk by immunoaf-
finity chromatography was biologically
active and its presence in human milk
might be physiologically important for
mammary epithelial cell growth and dif-
ferentiation. The presence of CR-1 in
human milk prompted us to investigate
the possibility that CR-1, expressed at
high levels by different types of tumors,
might be released by cancer cells and
reach the blood circulation. We, therefore,
analyzed CR-1 levels in plasma samples
derived from 33 colon cancer or 54 breast
carcinoma patients at different clinical
stages compared to 21 healthy volunteers.
CR-1 levels in the plasma of patients
with colon (4.68ng/ml) or breast can-
cer (2.97ng/ml) were significantly higher
when compared with the control group
(0.32ng/ml) (Figure 14.1). At a cut-off
level of 0.7ng.ml the ELISA test had
100% sensitivity (all cancer patients were
positive to the test) and 95% specificity
(only 1 out of 21 controls was positive
in the ELISA test). High CR-1 plasma
levels were detected also in breast cancer
patients at an early stage, suggesting that
CR-1 might be useful in the early diagnosis
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of this disease. No significant correlation
between CR-1 levels in the plasma of
colon and breast cancer patients and vari-
ous clinicopathologic parameters, such
as tumor size, lymph node involvement,
proliferative index, estrogen and proges-
terone receptor status or HER-2 status was
found. Furthermore, the levels of CR-1
in the plasma of patients with colon and
breast cancer were not found to be associ-
ated with the degree of CR-1 positivity in
tumor sections, as assessed by immuno-
histochemistry analysis. Moderate levels
of CR-1 were also found in the plasma of
21 women with benign breast lesions,
including hyperplasia and atypical hyper-
plasia (Figure 15.1). However, the mean
CR-1 levels in the plasma of patients with
benign breast lesions (1.7ng/ml) were
significantly lower that the mean CR-1
plasma levels detected in patients with
breast carcinomas (2.97ng/ml). Within
the benign breast lesions, CR-1 plasma
levels were higher in lesions character-
ized by the presence of sclerosis and in
fibroadenomas, a lesion characterized by
the presence of epithelial hyperplasia and
fibrosis. Because pathological fibrosis,
including renal, lung, and liver fibrosis,
have been associated with morphological
and functional modification of epithelial
cells that acquire a fibroblastic-mesen-
chymal phenotype through a phenomenon
known as EMT, it is possible that CR-1
might have a role in inducing EMT in
mammary epithelial cells of non-malig-
nant breast lesions (Zeisberg and Kalluri,
2004). In agreement with the results from
the plasma analysis for CR-1 in patients
with breast cancer, real-time PCR showed
a large increase in the levels of CR-1 mRNA
expression in six human breast carcinomas
as compared with normal breast tissue.
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Colon cancer (n=33)

Benign breast lesions (n=21)
Breast cancer (n=54)

FiGUre 15.1. Plasma CR-1 levels, detected by sand-
wich ELISA for CR-1, in patients with colon cancer,
benign breast lesions and breast cancer compared
with normal donors. n, number of patients; SD,
standard deviation

In conclusion, recent findings demon-
strating that CR-1 expression (as detected
by immunostaining of sections from biopsy
specimens) showed positive correlation
with increased tumor aggressiveness and
poor survival in breast cancer patients,
suggest the potential application of CR-1
as a prognostic marker (Gong et al., 2007).
However, this method for detecting CR-1
is dependent on the relatively invasive pro-
cedure of biopsy sampling, the availability
of a histopathological service for sample
processing, quality of primary antibodies
used for immunostaining, and potential
interobserver variation of interpretation of
the degree of immunostaining results. We
have demonstrated the capability to detect
CR-1 in human plasma by employing
an ELISA-based assay platform (Bianco
et al., 2006). More importantly, we have
shown that CR-1 levels are significantly
higher in cancer patients as compared to
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healthy control subjects. Therefore, this
simple and practical method for detecting
plasma CR-1 levels described in detail in
this chapter could potentially serve as a
useful tool for the diagnosis and prognosis
of certain types of human cancers.
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INTRODUCTION

Fear of developing breast cancer is well-
founded among women. Breast cancer is
the leading cause of death among women
ages 20-59 years of age, and the sec-
ond-leading cause of death in women
over 50 years of age (Jemal et al., 2005).
Approximately 40,000 women will die of
this disease in the United States this year.
Refining the science of breast cancer risk
assessment has become more important
with the development of medications to
reduce breast cancer risk, the addition of
expensive imaging (magnetic resonance
imaging (MRI), and prophylactic sur-
gery (Hollingsworth et al., 2002; Saslow
et al., 2007). A standardized algorithm for
breast cancer risk assessment is not avail-
able at this time in the clinical setting.
Women are categorized as either having
possible genetic or hereditary risk, or as
having risk factors unrelated to a family
history of breast cancer. Genetic testing
1s limited as a risk assessment tool, as

only a small percentage of women carry
known genetic mutations which result in
an increased risk of breast cancer devel-
opment. Mathematical models (i.e., Gail
index) calculate probabilities of develop-
ing breast cancer during specified periods
of time; however, the factors included in
the models contribute a relatively small
degree of risk for the eventual develop-
ment of breast cancer. Hollingsworth et al.
(2002) suggested that tissue or serum-
based strategies should be the next step in
refining risk assessment, considering that
70% of women who develop breast cancer
have no identifiable risk factors.

Because approximately 95% of breast
tumors begin in the lining of the milk ducts
of the breast, it is logical to explore these
ducts as a means of identifying abnormal
cells which may eventually progress to
cancer. Nipple aspiration is a minimally
invasive technique to obtain fluid from
mammary ducts. This chapter will explore
current methods of assessing breast cancer
risk and the role of nipple aspiration in
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enhancing risk assessment. A review of
ductal anatomy will be followed by the
definition of nipple aspirate fluid (NAF),
including information on the cytologic
evaluation of this fluid. Research find-
ings demonstrating a relationship between
abnormal cytologic results and subsequent
breast cancer development will be dis-
cussed.

CURRENT METHODS
OF ASSESSING BREAST
CANCER RISK

DEFINING HIGH RISK

In order to understand the value of tools
such as NAF, it is important to understand
how breast cancer risk is currently evalu-
ated. How is “high risk” defined when
evaluating women for possible breast can-
cer development? The well-established
risk factors include: current age of > 65
years, early menarche (< 12 years of age),
nulliparity or first child after age 30, a his-
tory of breast biopsy, and family history of
breast cancer (Singletary, 2003). Radiation
exposure, specifically related to Hodgkin’s
disease treatment, fluoroscopy for tuber-
culosis and treatment of chest acne, have
also been determined to increase breast
cancer risk. Recent research has identi-
fied mammographic breast density as a
powerful tool for breast cancer risk assess-
ment (Kerlikowske et al., 2007). Risk
factors contributing smaller degrees of
risk include: alcohol intake of >2 drinks
per day, high body mass index (BMI)
in women over 55 years of age, use of
hormone replacement therapy, and meno-
pause at > 55 years of age (Table 16.1). It
is believed that the greater the number of

K. Baltzell et al.

the above-mentioned factors present, the
greater the risk of eventual breast cancer
development. Despite years of research
dedicated to articulating the risk factors
leading to breast cancer development, no
risk assessment model or test completely
calculates a woman’s risk with great accu-
racy. The relatively recent identification of
two mutations in women at risk for breast
and ovarian cancer has honed in on women
with exceptional risk, a 50-85% lifetime
risk of developing breast cancer (Winer
et al., 2001). However, these mutations are
believed to be responsible for only 5-10%
of breast cancer cases diagnosed.

The tools developed to manage estab-
lished risk include chemoprevention, MRI
and prophylactic surgery (Saslow et al.,
2007; Singletary, 2003). Chemoprevention
refers to the use of selective estrogen
receptor modulators (SERMs) such as
tamoxifen and raloxifen. Recent studies
demonstrating the effectiveness of using
MRI for high risk women resulted in the
inclusion of this imaging technique in the
American Cancer Society (ACS) guide-
lines (Saslow et al., 2007). Prophylactic
mastectomy is associated with a greater
than 90% reduction in risk in women
with extensive family histories of breast
cancer (Hartmann et al., 1999). Given the
potential psychological consequences of
this risk reduction strategy, studies suggest
that the evidence for this recommendation
should be as concrete as possible (Love
et al., 2002).

RISK ASSESSMENT MODELS

This section will briefly review current math-
ematical models used to calculate actual risk
of breast cancer, as well as genetic tests
which evaluate the possibility of having
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TaBLE 16.1. Risk factors for breast cancer. (Singletary, 2003.)
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Risk factor

Category at risk

Comparison category

Relative risk

Alcohol intake
Body Mass Index

Hormone replacement therapy, with

estrogen and progesterone
Radiation exposure

Early menarche

Late menopause

Age at first childbirth
Breast density

Current age

Past history of breast cancer

Other histologic findings

Breast biopsy

Cytology (fine-needle aspiration or
FNA, nipple aspiration fluid)

Family history

Two drinks per day
80th percentile, age 55 or greater

Current user for at least 5 years

Repeated fluoroscopy/chest radiation for
acne/Radiation therapy for Hodgkin’s
disease

Younger than 12 years

Older than 55 years

Nulliparous or first child after 30

BI-RADS density = 4

65 or older

Invasive breast carcinoma

Lobular carcinoma in situ

Ductal carcinoma in situ

Hyperplasia w/out atypia®

Hyperplasia with atypia

Hyperplasia with atypia and positive fam-
ily history

Proliferation w/out atypia*

Proliferation with atypia

Proliferation with atypia and positive
family history

Ist-degree relative 50 years or older with
postmenopausal breast cancer

Ist-degree relative with premenopausal
breast cancer

2nd-degree relative with breast cancer

Two 1st-dgree relatives with breast cancer

Nondrinker 1.2
20th percentile 1.2
Never used 1.3
No exposure 1.6-5.2
Older than 15 years 1.3
Younger than 45 years 1.2-15
First child before 20 1.7-1.9
BI-RADS density = 1 9.1-13.4
Less than 65 5.8
No history of invasive breast 6.8
carcinoma
No abnormality detected 16.4
No abnormality detected 17.3
No hyperplasia 1.9
No hyperplasia 53
No hyperplasia, negative fam- 11
ily history
No abnormality detected 2.5
No abnormality detected 4.9-5.0
No abnormality detected 18.1
No Ist- or 2nd-degree relative 1.8
with breast cancer
No Ist- or 2nd-degree relative
with breast cancer 33

No 1st- or 2nd-degree relative
with breast cancer

Germline mutation

Heterozygous for BRCA1, age < 40
Heterozygous for BRCAI, age 60-69

No Ist- or 2nd-degree relative 1.5
with breast cancer

3.6
Not heterozygous for BRCAI, 200°
age <40 150
Not heterozygous for BRCAI,
age 60-69

aThere is controversy over whether pathologic hyperplasia detected in breast biopsy samples is directly equivalent to
cytologic hyperplasia detected in samples obtained through FNA or nipple aspiration.
bRelative risks are subject to ascertainment bias and may overestimate the true risk associated with germline muta-

tions in BRCA genes.

breast cancer gene mutations. For purposes
of this chapter, the term models will refer
to both mathematical models of risk assess-
ment as well as commonly used genetic
tests that predict the probability of having a
BRCAI or BRCA2 mutation. These genetic
models do not directly test for genetic

mutations, but are used to help decide who
should be referred for genetic testing. The
models discussed in this section include the
Gail model, the Claus model, BRCAPRO,
and the Tyrer-Cuzick model.

The most commonly employed breast
cancer risk assessment model is the Gail
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model. This mathematical model was orig-
inally designed using information from
284,780 Caucasian women participating in
a breast cancer detection project between
1973-1980 (Gail et al., 1989). The risk
factors chosen for this model include a
combination of reproductive risk factors
and first-degree family history of breast
cancer. These factors are: age, age at
menarche, number of prior breast biop-
sies, age at first live birth, and number of
first-degree relatives affected with breast
cancer. These factors produce absolute
risk figures at both 5 years from the time
of assessment and lifetime risk up to the
age of 90. More recently, the presence of
proliferative cellular conditions such as
hyperplasia or atypical ductal hyperplasia,
if known from breast biopsy, was added
to the model to enhance accuracy (Euhus
et al., 2002). The Gail model offers both
strengths and weaknesses. The model was
found to be useful in specialized clinic set-
tings and appears to be most applicable to
women without a strong family history of
breast cancer, suggesting minimal risk of
an inherited genetic mutation (Sakorafas
et al., 2002). However, it has limited use-
fulness for women with an extensive his-
tory of breast cancer, as all relevant family
history is not included in the model.

The Claus model, on the other hand,
is designed to evaluate breast cancer risk
by incorporating extensive family history
of breast cancer development into risk
calculations (Claus et al., 1993). Both the
Gail and the Claus models were developed
prior to genetic testing, and the Claus
model gave credence to the idea of inher-
ited genetic mutations and future risk of
breast cancer development (Euhus, 2001).
The Claus model incorporates breast cancer
information on mothers, sisters, aunts,
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and grandmothers as well as the age of
any affected family members at diagnosis.
Unlike the Gail model, this model does not
use reproductive risk factors to determine
breast cancer risk and is best suited for
women with an extensive family history of
breast cancer.

BRCAPRO is considered to be the most
comprehensive tool used to determine the
probability of having a BRCAI or BRCA2
mutation (Allain et al., 2002). One study
found it to be highly sensitive for predict-
ing the presence of a BRCAI or BRCA2
mutation, missing only 15% of mutations
present (Berry et al., 2002). This tool does
not evaluate risk factors unrelated to family
history, such as reproductive risk factors or
the presence of atypical ductal hyperplasia
from breast biopsy. It also underestimates
risk in women with familial clustering not
related to BRCAI or BRCA2 mutations
(Euhus, 2001).

A recently developed model, the Tyrer-
Cuzick model, attempts to merge the con-
cepts in the models discussed above. This
model was developed based on the fact
that many risk assessment models look at
either possible genetic risk of breast can-
cer or risk associated with reproductive
factors, but no models have incorporated
both personal risk factors and genetic anal-
ysis (Tyrer et al., 2004). The Tyrer-Cuzick
model inputs information on BRCA genes,
personal risk factors and a low penetrance
gene into a computer program which offers
an individualized risk estimate. In a recent
study, this model was found to correlate
most strongly with BRCAPRO (Fasching
et al., 2007). The Tyrer-Cuzick model was
conceptualized to provide more accurate
feedback for women considering genetic
analysis for possible breast cancer gene
mutations (Beckmann et al., 2007). The use
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of these models and tools varies with
the provider’s knowledge and familiarity.
Nipple aspirate fluid may provide easy
access to biomarkers found in the breast
ductal system, allowing for individual bio-
logic risk rather than the probability of risk.

BREAST DUCT ANATOMY

DUCTAL ANATOMY

Incorporating the use of NAF into breast
cancer risk assessment requires a thorough
understanding of the breast ductal system.
Although structures in the breast have been
identified, there remain questions regard-
ing the ductal system. The source of NAF
has never been clearly identified. Does the
fluid come from a large ductal system or a
blind accessory duct or both? Is it collected
and stored as a stagnant pool in a lactifer-
ous sinus or reservoir just underneath the
nipple? Or is it secreted or diffused from a
segmental branch close to the nipple? The
contents of NAF have been examined and
thought to represent ductal fluid or at least
the hormonal milieu of the breast although
no ductal fluid to NAF orifice correlation
has been done (Khan ef al., 2005). With
advances in surgical therapy (i.e., nipple
sparing mastectomy, lumpectomies, quad-
rantectomies), imaging and ductal lavage
as a method to acquire cells from distal
areas of the duct, it has become imperative
to better understand the normal anatomy
of the breast and in particular the structure
of a ductal system.

Nomenclature regarding breast anatomy
is confusing, especially in relation to the
ducts. The breast is considered one organ
or gland but each duct is also often referred
to as a gland. However, most will agree
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that a breast ductal system, also referred
to as a lobe, is a unit consisting of an
opening on the surface of the nipple which
leads to a lactiferous duct, which branches
into segmental, then subsegmental ducts,
then terminal ducts that end as thousands
of lobules and alveoli which secrete milk
(Harris et al., 2004). Most surgical text-
books and atlases depict 15-20 ducts in
the breast which radiate out from the nip-
ple in fairly equal sizes like segments of a
cut grapefruit. Often the breast is divided
into quadrants although it is now known
that this has no correlation to the actual
anatomy of the ductal systems.

Cooper (1840), a prolific pathologist
and master anatomist, believed that a com-
prehensive understanding of the natural
structures of the breast was necessary to
explain the pathologic changes that occur.
In his original work from 1840, he injected
wax into the ducts and found that the most
he could inject was 12 ducts. He carefully
separated all the ducts; however, again
he did not find any communication. His
drawings show them to be more separate
than they are in reality. Subsequently,
Cooper’s work was reduced to a few pages
in textbooks, particularly absent were any
diagrams of the nipple (Anderson, 1978).

Recent advances in software technology,
such as ultrasound, 3D MRI, and stereomi-
croscopy, have revived the field of breast
anatomy. Going and Moffat (2004) exam-
ined the anatomy of the breast ducts in
an autopsy of a 19 year-old woman along
with mastectomy specimens and con-
structed a 3D image (Figure 16.1). They
found large variations in size and volume
of each ductal system. One duct drained
almost a quarter of the total breast volume.
The largest six systems comprised 75% of
the breast. The ducts clearly intermingled
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FiGure 16.1. Three-dimensional image-ductal sys-
tem (Going & Moffat, 2004)

and interdigitated but did not anastomose.
They confirmed Cooper’s (1840) find-
ing that two to three ducts head directly
backwards to the muscle and several ducts
head toward the sternum while the major-
ity are arranged inferiorly and toward the
axilla. Tot (2005) describes the segments
as pyramidal systems and has coined the
phrase “sick lobe” as the area affected by
ductal carcinoma in situ (DCIS) or lobular
carcinoma in situ (LCIS).

The original source for the number of
15-20 ductal systems cannot be ascertained
although the figure continues to be quoted
while more recent data supports the find-
ing of only 5-12 significant independent,
arborizing lactiferous ductal systems, each
of which covers a finite portion of the breast
and can be assessed from the nipple (King
and Love, 2006). It is important to note that
studies indicating the presence of 15-20
ducts have used cross sections for analy-
sis, whereas findings of 6-8 ducts were
derived from studies using ductal cannula-
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tion. While the number of ducts varies from
woman to woman, the exact figure remains
constant over the life of a woman.

THE NIPPLE

The number of ductal orifices is also con-
troversial. Because they cannot easily be
seen with the naked eye or other imaging
device on the surface of a living non-lac-
tating woman, they have not been counted.
A cross section of a cadaver nipple under
its surface shows 15-50 lumina but these
have not been traced into the breast nor
seen to be part of a ductal system, and thus
some are thought to be blind. Love and
Barsky (2004) observed > 200 lactating
women in order to map milk duct orifices
and identified an average of 5-9 openings.
Teboul and Halliwell (1995) reported on
> 6,000 ultrasound studies of the breast
ducts and described 5-8 milk pores in the
nipple. Finally, Ramsay et al. (2005) stud-
ied 21 lactating women with ultrasound
and described 6—12 main ducts.
Pathologists have noted that the lactifer-
ous ducts are conical in shape narrowing
to a minute orifice in a cleft of the nip-
ple. Smooth muscle surrounds the ducts
and provides continuance of secretions
and enables the nipple to become erect.
The outer lining of the duct is quite elas-
tic and can dilate with the pressure from
milk ejection. These ducts are thought
to dilate into ampullas, reservoirs or lac-
tiferous sinus immediately beneath the
nipple. This point is being challenged
by Ramsay etz al. (2005) as they did not
find any enlargement in lactating women;
however, this may be related to real-time
imaging versus autopsy specimen and
the fact that her work is in breast-feeding
women. Nejad et al. (2008) have found
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evidence of an “udder” on some non-lac-

tating women undergoing ductal lavage.
Going and Moftat (2004) identified three
types of duct-like structures behind the
nipple. The first group was identified as
the major group which opened into the
nipple, a second group diminished in cal-
iber and terminated beneath the surface.
A third group of accessory ducts originated
from the skin at the base. This nomencla-
ture has recently been disputed by Rusby
et al. (2007) who found that many ducts
joined and shared a few common open-
ings. Others have described additional
non-arborizing structures varying from
1-4cm in length found in the nipple.
Some of these structures, referred to as
tubercles, sebaceous glands, rudimentary
ducts or atrophic ducts, open into the nip-
ple and some do not. None of them seems
to aborize or function due to their lack of
lobules. Hopefully, this controversy will
be solved in the near future by on-going
research. This confusion regarding the
internal anatomy of the nipple is obviously
relevant to its aspirate fluid.

NIPPLE ASPIRATE FLUID

COLLECTION OF NIPPLE
ASPIRATE FLUID

In the study of breast carcinogenesis, the
primary assumption made is that cells
progress on a continuum (Martin, 1996).
The ability to invade the surrounding
breast tissue and metastasize is believed
to be present in 20-50% of breast pre-
cancers (O’Shaughnessy, 2000). Studying
breast epithelial cells for precancerous
changes is important for evaluating where
in the carcinogenic continuum interven-
tion may be most effective. Breast precan-
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cers are defined as having varying degrees
of cellular atypias, obtained from various
cellular retrieval methods including tis-
sue biopsy, ductal lavage, periareolar fine
needle aspiration (FNA), and nipple aspi-
ration. Biopsy, ductal lavage, and FNA
have been described in detail elsewhere
(Baltzell et al., 2005). This chapter will
focus solely on nipple aspiration and the
resulting NAF.

Obtaining breast epithelial cells through
a simple suction technique is known as
nipple aspiration. This technique was pio-
neered by Papanicolaou et al. (1958), based
on cytopathologic evaluation of cervical
specimens and their relationship to cervical
cancer. The technique involves a number of
noninvasive steps, beginning with the scrub-
bing of the nipple surface with 2% acetic
acid. This step is necessary to remove any
keratin blocking the ductal openings. After
the nipple is dried, an aspiration device is
placed over the nipple and negative pressure
is applied with a syringe attached to a central
chamber. The patient is asked to massage the
breast during this step, beginning at the base
of the breast and moving toward the nipple
area. This helps to mobilize the fluid toward
the nipple surface (Figure 16.2). Squeezing
the base of the nipple can express the fluid
from the lactiferous sinus. Once fluid is
observed, the aspiration device is removed
and the fluid is collected in capillary tubes
for analysis (Sartorius et al., 1977).

Studies have shown varying degrees of
success in obtaining NAF using aspiration.
Sauter et al. (1997) concluded that NAF
can be obtained in essentially all eligible
subjects; other studies have reported nip-
ple aspiration is far inferior to other tech-
niques such as ductal lavage in obtaining
an adequate number of cells for evaluation
(Dooley et al., 2001). Rose et al. (1986)



FiGure 16.2. Nipple aspiration fluid at ductal ori-
fices. (Photo courtesy of Dr. Susan Love Research
Foundation.)

reviewed studies which obtained NAF
from as few as 25% to as many as 95%
of study subjects. Wrensch et al. (2001)
wrote that obtaining fluid depends on the
quantity of underlying fluid present, duct
and nipple characteristics, subject age, and
the skill of the technician collecting the fluid.
A 1990 study found four important factors
positively related to the ability to obtain breast
fluid (Wrensch et al., 2001). These factors
are: age between 35 to 50 years, early age
at menarche, non-Asian compared to Asian
ethnicity, and history of lactation. Of interest
is the finding that women who do not yield
fluid may be less likely to develop breast can-
cer than women who do yield fluid (Wrensch
et al., 1992). A more recent study found
younger age (< 50 years), being married, a
history of pregnancy, a history of tranquilizer
use, and a history of endocrine disorders were
all positively associated with the ability to
obtain NAF (Baltzell et al., 2006).

COMPONENTS OF NIPPLE ASPIRATE
FLUID

The fluid obtained by using the basic tech-
nique described above is believed to reflect
the cellular environment within the breast
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duct system as well as illuminate changes
in the secretory processes of the breast
(Klein and Lawrence, 2002). This allows
for the investigation of not only the cells,
but also the physical environment that
surrounds the cells. Cytology is the main
technique by which NAF is examined, and
at least ten epithelial cells are required for
cytological analysis. This minimum has
been observed in 53-83% of cases and
women under 50 are most likely to yield
fluid, as noted above (Dooley et al., 2001;
Wrensch et al., 2001). The cells from the
ductolobular units which may be present
in NAF include: columnar epithelial cells,
macrophages, foam cells, leukocytes, and
cellular debris (Dua et al., 2006). It is the
epithelial cells that are categorized relative
to future breast cancer risk. These cytologic
categories are generally defined as normal
cells and mild as well as marked atypia.
On very rare occasions frankly malignant
cells may be encountered. In addition to
the cellular content of NAF, a wide variety
of non-cellular materials of both exog-
enous and endogenous origin may also
be present. Exogenous substances include
nicotine, caffeine, pesticides, and oral med-
ications (Petrakis, 1993). Endogenous sub-
stances include immunoglobulins, estrogen
and progesterone, androgens, prolactin,
prostate-specific antigen (PSA), and car-
cinoembryonic antigen (CEA) (Petrakis,
1986, 1993; Zhao et al., 2001).

CYTOLOGIC EVALUATION
OF NAF

The diagnostic categories for the evalua-
tion of NAF cytology specimens are simi-
lar to those of FNA specimens from breast
lesions described in the 1997 consensus cri-
teria for breast fine-needle biopsy samples
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published by the National Cancer Institute
(“The uniform approach to breast fine-
needle aspiration biopsy. NIH Consensus
Development Conference,” 1997). The
five diagnostic categories which were cre-
ated include: inadequate cellular material
for diagnosis (samples with < 10 epithelial
cells per sample or unacceptable technical
quality), benign, mild atypia, marked aty-
pia, and malignant. The cell characteristics
most helpful in identifying abnormalities
were related to cell arrangement, cell size,
nuclear size, and size variation, nuclear
membrane irregularity, chromatin granu-
larity, and the presence of large nucleoli
(Ljung et al., 2004).

Benign, unremarkable cases generally
present primarily with scattered single nor-
mal epithelial cells in most cases (Figure
16.3A). The cells are small and have round
or oval-shaped nuclei with either finely
granular or condensed chromatin. The
nuclear membranes are smooth and regular
and the cytoplasm is generally moderately
abundant. Benign cases may also contain
epithelial clusters that are usually small in
size and arranged as orderly monolayers.
In many cases defined as mildly atypi-
cal, ductal cells are moderately enlarged
(Figure 16.3B). The majority of mildly
atypical ductal cells show a small degree
of nuclear enlargement with cells occur-
ring singly in either monolayer arrange-
ments or small clusters. Like benign cases,
nuclear membranes are regular and the
chromatin is finely granular. Included in
this mildly atypical category are cases
with features typical of papillomas. These
features include mild nuclear enlargement
and size variability, and fairly abundant,
dense (metaplastic appearing) cytoplasm
focally containing large vacuoles. These
cells from papillomas are primarily seen in
clusters of small to medium size.
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Moderate or marked enlargement of
nuclei is the hallmark of ductal cells
defined as markedly atypical (Figure
16.3C). These markedly atypical cells
may be found singly and/or in varying
size clusters that typically show crowd-
ing of cells rather than orderly monolayer
arrangement. Irregular nuclear membranes
and coarse rather than finely granular chro-
matin are characteristic. While nuclear-to-
cytoplasmic ratio may also be increased in
some cases other markedly atypical cases
and even outright cancer cases may show
fairly abundant cytoplasm.

A diagnosis of frank malignancy is
extremely rare in NAF specimens. If
observed, the familiar features of cancer
are found in malignant NAF cells (Figure
16.3D). Depending on the nuclear grade
of the cancer, the overall enlargement of
cells as well as nuclei may be moderate
to marked. Typically the cells will appear
both singly and in usually small clusters
with nuclear crowding and overlap. A hall-
mark of diagnosis is irregular outline of
nuclear membranes and clumped, coarse
chromatin pattern. The nuclear-to-cyto-
plasmic ratios may be markedly increased
but a significant subset of even high grade
cancers has fairly abundant cytoplasm.
Necrosis is a strong indicator of a malig-
nant process and suggests significant pres-
ence of DCIS.

An important study in 1983 established
the association between atypical cell find-
ings in NAF specimens and atypical ductal
hyperplasia found in breast biopsy (King
et al., 1983). This study was the first of its
kind to compare specific morphologic find-
ings in cytologic specimens from nipple
fluid with corresponding histologic biop-
sies. This work was crucial for establish-
ing that the study of breast fluids such as
NAF could provide information usable for
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Ficure 16.3 A. Normal/benign ductal cells. B. Mildly atypical ductal cells. C. Markedly atypical ductal

cells. D. Malignant, high grade ductal cancer

breast cancer risk assessment. Furthermore,
reviewing repeat NAF samples appears to
enhance the accuracy of a cytologic diagno-
sis of NAF cells (King et al., 2004).

THE RELATIONSHIP BETWEEN
ABNORMAL CYTOLOGY
IN NIPPLE ASPIRATE FLUID
AND BREAST CANCER RISK

Earlier in this chapter the current tools for
assessing breast cancer risk were outlined.
The interest in using NAF as an adjunct to

these models is based on the thinking that
the components of NAF available for evalu-
ation have been in direct proximity to the
lining of the breast ducts, the site of 90%
of breast cancer origins (Dua et al., 2006).
Interestingly, the analysis of NAF may be
more informative for finding breast cancer
precursors or DCIS, because the duct integ-
rity is no longer intact once an invasive can-
cer is present. Once the duct is disrupted, the
fluids available for analysis via NAF may be
absorbed into the surrounding breast tissue.

Several large epidemiologic studies of
women without breast cancer found that
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the presence of atypical cells in NAF is
associated with a four- to fivefold greater
risk of subsequent breast cancer develop-
ment (Wrensch et al., 1992, 2001). This
risk rises to between 11- to 18-fold when
the presence of atypical hyperplasia, found
in histologic specimens, is coupled with
a family history of breast cancer (Dupont
and Page, 1985; Singletary, 2003). A 2006
study found that the mere presence of epi-
thelial cells in NAF was positively associ-
ated with subsequent breast cancer risk,
regardless of cytologic category (Buehring
etal.,2006). The addition of NAF cytologic
results to the Gail model enhanced the pre-
diction model significantly, particularly for
high-risk women (Tice et al., 2005).

In addition to NAF cell cytology, other
markers of interest found in NAF have
been studied recently. The color of NAF
has been studied for significance and
specimens have been defined as clear,
white, yellow, green, and red/brown. It is
the red/brown color which has been asso-
ciated with the presence of an underlying
breast tumor (Sauter et al., 2006). When
NAF color was considered along with age
and NAF cytology, the prediction model
used in the study was 92% sensitive and
61% specific in predicting if a woman had
breast cancer. Prostate-specific antigen
(PSA) is also a marker of interest in breast
cancer studies. It has been shown that
there is an inverse relationship between
the presence of PSA found in NAF and
the presence of breast cancer (Sauter et al.,
2002). Furthermore, PSA has been shown
to decrease as tumor size, nodal involve-
ment, and disease stage increase in breast
cancer patients, providing useful prog-
nostic information for treatment direction
(Sauter et al., 2004). Further studies have
identified basic fibroblast growth factor
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(bFGF) as a useful enhancement to breast
cancer prediction models, with high bFGF
levels positively associated with the pres-
ence of cancer (Sauter et al., 2007). A
breast cancer prediction model including
cytology, bFGF and age offered an 88%
sensitivity and 57% specificity.

Identifying factors which influence NAF
production is important if this technique
is to be used more frequently in the clini-
cal setting. Several dietary factors have
been shown to influence the amount of
NAF available for evaluation. These fac-
tors include soy and fat intake (Kato et al.,
2006; Petrakis et al., 1996). An increase in
soy intake resulted in an increase in NAF
production and an increase in the presence
of atypical cell findings found in NAF
in premenopausal women (Petrakis et al.,
1996). Also of interest is a study indicating
that women who had increased amounts
of total fat intake had a higher probability
of producing epithelial cell-positive NAF
(Kato et al., 2006). Another study found that
women taking SERMS such as tamoxifen
or rafoxifene may have a decrease in NAF
production (Higgins et al., 2005).

There are other promising NAF mark-
ers currently under study in the hopes of
ascertaining who is at risk for breast cancer
development. The future of breast cancer
risk assessment will undoubtedly involve a
biomarker to enhance precision and individ-
ualized risk assessment. Nipple aspiration is
a technique which shows great potential in
providing this much needed information.
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INTRODUCTION

The capacity of information generated
from the Human Genome Project has
significantly impacted our understanding
of disease pathogenesis (Subramanian et
al., 2001; Venter er al., 2001). These
data, in combination with advances in
molecular biology techniques, including
cDNA microarrays and proteomics, have
facilitated the identification of numerous
molecular biomarkers that have contrib-
uted to the field of cancer biology (DeRisi
et al., 1996). While cDNA microarrays
produce an enormous amount of data from
gene expression profiling of normal and
disease samples, the technique lacks in
situ identification and validation of these
diagnostic, prognostic, and therapeutic
markers in a wide array of human tissue
specimens. The need for this type of high-
throughput evaluation led to the develop-
ment of the tissue microarray (TMA).

*Early Detection Research Network NCI CA-86366,
and the Specialized Programs of Research Excellence
(SPORE) in Lung Cancer grant P50-CA90388, NCI

The first attempt at developing a tech-
nique to examine multiple tissue samples
under identical conditions was described
by Battifora (1986) as the ‘sausage’ block
method. This procedure consisted of wrap-
ping one hundred 1mm thick “rods’ of
tissue in a sheet of mammalian small intes-
tine and embedding the resultant ‘sausage’
of tissues in a paraffin block (Battifora,
1986). This method was useful for testing
antibodies because of its identical staining
conditions and minimal required reagent;
however, the inability to identify individual
tissue limited the amount of significant data
that could be utilized by the ‘sausage’ tech-
nique. A little over a decade later, the cur-
rent TMA was developed by Kononen e al.
(1998) with similar cost-effective principles
as the ‘sausage’ block while also ensuring
that individual tissues were easily identifi-
able. The resulting tissue microarray con-
sists of hundreds of tissue core specimens
arranged on an individual slide and assayed
simultaneously for immunohistochemis-
try, in situ DNA, or RNA hybridization
(Kononen et al., 1998). TMAs have proven
beneficial by providing clinical validation
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of molecular targets identified by cDNA
microarrays, which ultimately enhance our
understanding of disease prognosis, pro-
gression, and therapeutic outcome. This
population-based technology has helped
translate genomic discoveries into clinical
applications. Because of the importance
of biomarkers in cancer, this subject has
also been discussed by Kelly et al., in this
volume.

ADVANTAGES OF
TISSUE MICROARRAY
TECHNOLOGY

Prior to the development of TMAs, vali-
dation of protein expression among clini-
cal specimens was a tedious process that
required sectioning and staining of each
individual sample. One major advantage of
the TMA is the ability to detect the expres-
sion of candidate markers in hundreds and
even thousands of benign and malignant
tissue specimens concurrently. Typically,
200 or more consecutive 4-8um thick
sections can be cut from one TMA block,
which allows for sequential staining of
multiple molecular markers generating a
large cohort of data. Additionally, each
specimen within the TMA receives identi-
cal staining conditions because the sam-
ples are processed and arrayed together
on a single slide. Reagent concentrations,
temperatures, incubation times, and wash
conditions are the same for each tissue
core arrayed in the TMA unlike the slide-
to-slide variability that is observed with
whole tissue sections. Compared to indi-
vidual tissue sections, TMAs are much
more cost-effective and time efficient with-
out compromising on quality or reliability.
TMAs allow for morphological in situ

S.M. Mumenthaler et al.

assessment of the cellular distribution of
molecular markers in a large population
of tissue specimens. The amount of tissue
used for TMA construction is substantially
less than the standard practice of whole
tissue sections, which aids in the preserva-
tion of the original archived tissue samples
for subsequent studies.

CONSTRUCTION
AND DEVELOPMENT
OF A TISSUE MICROARRAY

The initial step, prior to the actual construc-
tion of the TMA, is the collection of the
original histopathological tissue blocks that
will comprise the array. The decision and
identification of which samples will be on
the TMA, the retrieval of these archived
‘donor’ blocks, and the histological deter-
mination of the most representative areas
are typically among the most time consum-
ing phases of the entire TMA construction
process. In general, TMAs are comprised of
formalin-fixed, paraffin-embedded tissues;
however, several studies also describe the
use of frozen tissues embedded in a TMA to
improve upon the detection of RNA (Hoos
and Cordon-Cardo, 2001; Schoenberg Fejzo
and Slamon, 2001). For the most part, the
techniques described in this chapter will
refer to paraffin-embedded tissues, although
information on frozen TMAs will be dis-
cussed later in more detail.

Donor Blocks and Core Size and
Number. After the collection of the neces-
sary archived paraffin-embedded tissues,
a fresh section is cut from each ‘donor’
block and stained typically with hematoxy-
lin and eosin. The most morphologically
representative areas of tissue are marked
by a pathologist to assist with the coring
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of the ‘donor’ block. Generally, areas with
a high volume of tumor, or of a desired
histological category, are used as long as
the tissue is well-fixed. Small tissue core
biopsies of 0.6 mm diameter and 3—4mm in
height are punched from the ‘donor’ block,
and are precisely arrayed into a recipient
paraffin block using a tissue microarrayer
(Beecher Instruments, Sun Prairie, WI).
While the 0.6 mm diameter core is the most
commonly used tissue core size in TMA
construction, larger core sizes up to Smm in
diameter have also been used (Kallioniemi
etal., 1992; Corzo et al., 2006). Each tissue
biopsy is usually spaced 0.8 mm apart and
the position of every core within the TMA
is recorded and linked to a database that
contains demographic, clinico-pathological,
outcome, and other patient information that
can be correlated with the future biomarker
data. Asymmetric alignment (e.g., adding
1-2 extra cores at a consistent designated
location, Figure 17.1) of tissue cores can
help maintain the orientation of the TMA
and the inclusion of normal tissue, tissue
from other tumor types, or cell lines can
serve as internal controls. As many as 1,000
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cylindrical tissue cores can be arrayed on a
typical 45 x 20mm recipient block and at
least 200 consecutive sections of 4-8um
thickness can be cut using a standard his-
topathological microtome. Figure 17.1 out-
lines the TMA construction process.

There has been some skepticism on
whether the small tissue cores sizes
within the TMA are representative of the
entire tumor, especially when assaying
for expression in tumors that have intra-
tumoral heterogeneity. To address this
issue, several validation studies have been
performed comparing TMAs with individ-
ual whole tissue (Gillett er al., 2000). The
overall consensus among various groups is
that there is a strong correlation between
the molecular data gathered from stain-
ing individual whole tissue sections and
TMAs. The inclusion of multiple cores
from a single ‘donor’ block can improve
the accuracy of target expression in a TMA
in comparison to conventional whole tis-
sue slides. One study examined the expres-
sion of estrogen receptor, progesterone
receptor, and the HER-2/neu oncogene in
38 cases of invasive breast carcinoma by
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FiGure 17.1. A schematic of the tissue array construction process. A tissue microarrayer is used to punch
core biopsies from ‘donor’ blocks containing paraffin-embedded tissue. The cores are then transferred
from the ‘donor’ blocks to a ‘recipient’ tissue array block using a thin biopsy needle and stylet. The tissue
array block is cut and the resultant section is transferred to a slide and ready to be assayed. The magnified
tissue cores have been stained with hematoxylin and eosin



220

comparing immunohistochemical staining
of 2—10 microarray cores and the original
whole tissue sections (Camp et al., 2000).
In more than 95% of the cases, the analy-
sis of 2 cores was found to be comparable
to the expression data observed from the
individual whole tissue sections. In cases
where TMAs are constructed using partic-
ularly heterogeneous tumors, such as pros-
tate cancer, increasing the number of cores
per donor sample may minimize the poten-
tial variability among expression staining.
Rubin et al. (2002) showed that 3 cores per
donor within a prostate cancer TMA were
necessary to reproduce the expression of
Ki-67 with respect to the whole tissue
sections. Another reason for incorporating
multiple tissue cores per sample is the risk
of losing tissue during the sectioning and
staining process. The use of 3 cores taken
from different regions of the donor block
can improve the accuracy of array-based
data by capturing the heterogeneity of the
tumors as well as compensating for tissue
loss or unusable cores (Hoos et al., 2001).

In addition to increasing the number of
cores per sample to counteract concerns
of heterogeneity and representativeness,
some groups have increased the volume of
tissue cores by as large as Smm in diam-
eter to preserve histological characteristics
(Kallioniemi et al., 1992; Corzo et al.,
2006). For normal or premalignant tissues,
the larger core size can be more beneficial
because these tissues are harder to sample
and generally have other unrelated tissues
intermixed, such as the large percentage of
adipose tissue within normal breast tissue,
that can interfere with adequate represen-
tation (Yang et al., 2006).

Selecting the Right Tissue from the
Correct Patient Population. When consid-
ering the assembly of a TMA, there are sev-

S.M. Mumenthaler et al.

eral different types that can be constructed.
Examples include, but are not limited to a
multi-tumor, tumor progression, and patient
outcome arrays (Nocito et al., 2001). A
multi-tumor array is comprised of samples
from various tumor types and can be used
to monitor the expression of a number of
molecular markers across different tumor
categories. An example of a multi-tumor
array was constructed by Schraml et al.
(1999), whereby gene amplification of sev-
eral common oncogenes was surveyed using
fluorescent in situ hybridization (FISH) in
397 tissue samples from 17 different tumor
types (Schraml et al., 1999). The second
category of TMAs is the tumor progression
model, which is designed to assess gene
expression across various stages of tumor
progression (i.e., increasing tumor grades,
hormone-sensitive versus hormone-resist-
ant carcinoma) in a single organ. As an
example, Callagy et al. (2003) constructed
a TMA that consisted of various types of
breast cancer tumors ranging from grades
1-3, and a collection of 13 biomarkers were
analyzed to arrange these breast tumors into
biologically and clinically distinct groups
(Callagy et al., 2003).

The last category of TMAs, and prob-
ably the most common type created, is
the ‘patient outcome’ array, which is also
termed the prognosis TMA. This array
contains samples that are linked to clinical
follow-up data that may consist of time to
recurrence, therapy response, and/or patient
survival. As an example, a breast cancer
TMA constructed by Torhorst et al. (2001)
was intended to determine whether suc-
cessful associations could be made between
molecular alterations and clinical endpoints
using the TMA technology (Torhorst et al.,
2001). In a TMA comprised of 553 breast
carcinoma specimens, patient outcome was
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found to be clearly linked to the expres-
sion analysis of several prognostic markers
(estrogen receptor, progesterone receptor,
and p53). Therefore, TMAs can provide
a straightforward method for connecting
expression data on molecular targets with
available clinical endpoints.

Available Tissue Microarrays.
Constructing an optimally useful TMA
is very time consuming and expensive.
Therefore, such a process may not be feasible
for all laboratories. In this circumstance sev-
eral companies (i.e., ISU ABXIS AccuMax
Array, IMGENEX, NIH/NCI Tissue Array
Research Program) have developed com-
mercially available TMAs consisting of vari-
ous tissue types and core sizes for research
use. As a cautionary note, however, very few
commercially or institute-available TMAs
are linked to a rich data source, thus often
limiting their overall utility.

TISSUE MICROARRAY
SECTIONING

Sectioning of TMAs can sometimes be
more challenging than cutting full tissue
blocks. During the cutting process, stand-
ard histological sections are floated on a
water bath and picked up individually with
a slide. However, several groups have found
the adhesive-tape based transfer system
(Instrumedics Incorporation, Hackensack,
NJ) a more reliable method for TMA sec-
tions, which minimizes the overall tissue
core loss (Rimm et al., 2001). The process
consists of placing adhesive tape on the face
of the tissue section prior to cutting and sub-
sequently the tape and section are removed
and positioned on an adhesive-coated slide.
The section is then ultraviolet crosslinked
to the slide followed by the removal of the
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tape using a degreasing agent. It is impor-
tant to ensure the presence and morphology
of the tissue cores throughout the section-
ing process; therefore, a hematoxylin and
eosin staining should be performed after
obtaining 50-100 sections. During conven-
tional sectioning, a percentage of the tissue
is lost due to “facing” the block each time
it is cut. In order to avoid this problem dur-
ing sectioning of TMAs, multiple sections
can be cut at one time and stored for later
use. This has generated some concern as to
whether the same staining conditions can
be achieved after an array has been stored
for several weeks or months. A number
of groups have reported decreased antigen
retrieval capabilities in whole tissue sec-
tions stored for less than 1 week prior to
staining (Jacobs et al., 1996; Bertheau
et al., 1998). In addition, Fergenbaum et al.
(2004) showed a reduction in the percent-
age of immunoreactive cells in a breast
cancer TMA stored for 6 months compared
to a freshly cut TMA (Fergenbaum et al.,
2004). In general, TMA sections cut and
immunostained on the same day provide
the best overall results in terms of degree
and intensity of staining. However, Rimm
et al. (2001) illustrated that recoating array
slides with paraffin after sectioning pre-
vents the loss of antigenicity and preserves
the slides for up to several months by pro-
tecting the tissues from oxidation.

LINKING TISSUE
TO A PATIENT
AND PATHOLOGY DATABASE

The maximum utility of a TMA is real-
ized when the tissue spots are linked to
a rich database of clinical, pathologi-
cal, and medical history information.
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Commercially available software can be
used to create such databases. Examples
include spreadsheets, such as Microsoft
Excel, to more sophisticated relational
databases such as Microsoft Access and
Filemaker Pro. Other more difficult software
such as Oracle can also be used. Microsoft
Excel is the most commonly used database
system that can link immunohistochemi-
cal staining data with patient information
to determine the clinical implications of
individual biomarkers. During the pro-
duction of the database, it is critical that
the information spreadsheets coincide
with the layout of the TMA to ensure
proper documentation of the data. That
is to say, it must be easy to link tissue
to specific database patient information.
The information obtained from the stain-
ing process is associated with a database
that contains relevant patient informa-
tion corresponding to clinical outcomes.
Included in this database is information
on the histopathological classifications of
the tumor specimens embedded in the
TMA. Such classifications include tumor
grade, histologic tumor type, tumor size,
and lymph node stage (Abd El-Rehim

DNA
(FISH)

Morphology
(H&E)

S.M. Mumenthaler et al.

et al., 2005). In addition, other clinico-
pathological variables such as hormone
receptor and gene amplification status
should be recorded, if available. As an exam-
ple, it is optimal for a breast cancer TMA
to include patient information regarding
the status of the estrogen receptor, progesterone
receptor, and HER-2/neu when available.
Another important patient response vari-
able to be incorporated in the database
is response to treatment regimens, such
as Tamoxifen, Herceptin, and Aromatase
inhibitors for breast cancer patients.
In order to examine the association between
gene expression data and the prognosis of
disease, the database needs to contain
patient information on tumor recurrence,
disease-free survival, and overall survival.

PROTOCOL FOR MARKER
ANALYSIS

TMAs are designed to assay DNA, RNA,
and protein target expression in a large
collection of tissue samples under identi-
cal conditions (Figure 17.2). The analysis
of DNA and RNA can be performed, for

RNA
(mRNA ISH)

Protein
(IHC)

FIGURE 17.2. Various staining methods. A hematoxylin and eosin stain of a TMA will allow one to visual-
ize the morphology of individual tissue cores. TMA’s can also be assayed for DNA, RNA, and protein
expression. Fluorescent in sifu hybridization (FISH) is used to identify gene amplifications and DNA rear-
rangements at the cell level, where mRNA in situ hybridization (mRNA ISH) is ideal for detecting RNA
transcripts among tissues. Immunohistochemistry (IHC) analysis is the most common and can detect
protein expression in various tissue samples
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example, by FISH and mRNA in situ
hybridization (mRNA ISH), respectively.
Protein expression is typically determined
using immunohistochemistry (IHC), which
is generally the most common application
for examining expression of molecular
markers in a TMA. For detection of pro-
tein expression using the IHC application,
direct or indirect fluorescence or chemical
enzyme-substrate colorimetric detection
methods can be applied (Schoenberg Fejzo
and Slamon, 2001; Fergenbaum et al.,
2004). Presented here is a representative
method for indirect immunoperoxidase
IHC that is often used in our labora-
tory; however, protocols can vary greatly
depending on the specific antibody, tissue
types, and/or antigens. The THC staining
protocol for TMAs is similar to the con-
ventional staining method for whole tissue
sections and a complete ABC-Elite stain-
ing kit (Vector Laboratories, Burlingame,
CA) can assist in the staining process.

Sample Immunohistochemistry Protocol

= Heat TMA sections at 56°C for 30 min.

= Incubate sections in xylene overnight
and continue with deparaffinization and
rehydration steps the next day (xylenes
3x5min, 100% ethanol 2x5min, 90%
ethanol 1x5min, 70% ethanol 1x5 min,
ddH,O 1 x5min).

= Rinse in PBS 1x 5 min.

= Submerge the TMA slide in 0.01 M sodium
citrate buffer (pH 6.0) for 10 min at 95°C.
(Note: The particular antigen of interest will
dictate whether this step is required and, if
so, which method is most appropriate.)

= Rinse in PBS 1x 5 min, then dH,O 1x 5 min.

* Quench endogenous peroxidase activity
using 3% hydrogen peroxide in methanol
for 30 min.
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= Rinse in dH,O 1x 5 min, then PBS 1x 5 min.

= Block with normal serum at room tem-
perature for 20 min.

= Block with Avidin D solution for 20 min,
rinse in PBS 1 x 5 min, then Biotin solu-
tion for 20 min, rinse in PBS 1x 5 min.

= Incubate with an unlabeled primary anti-
body for 60 min at room temperature.

= Rinse in PBS 3 x Smin.

= Add a corresponding biotin-labeled sec-

ondary antibody for 30 min at room tem-

perature.

Rinse in PBS 3x 5Smin.

Add the avidin:biotinylated enzyme com-

plex (ABC) to the slide and incubate for

30min at room temperature.

Rinse in PBS 3x 5 min.

Develop with an enzyme substrate (i.e.,

diaminobenzidine, DAB) in order to

detect the tissue antigen. Let the reaction

continue long enough to get maximal

signal to noise ratio. Stop the reaction by

submerging slide in dH,0.

Counterstain with hematoxylin for ~ 1 min.

Dehydrate through graded ethanol and

xylenes (70% ethanol 1x 5 min, 90% eth-

anol 1x 5min, 100% ethanol 1x5min,

xylenes 1x 5min).

Coverslip the slide with mounting

medium.

The resultant staining is evaluated by

a trained pathologist or an automated

program (discussed further in the next

section).