
AEMB
587

ADVANCES IN
EXPERIMENTAL
MEDICINE
AND BIOLOGY

Volume 587

López-Guerrero, 

Llombart-Bosch

Felipo

NEW
 TRENDS IN CANCER FOR THE 21ST CENTURY

NEW TRENDS IN
CANCER FOR THE

21ST CENTURY

Edited by
J.A. López-Guerrero, 

A. Llombart-Bosch 
and V. Felipo



NEW TRENDS IN CANCER FOR THE
21st CENTURY
2nd Edition



ADVANCES IN EXPERIMENTAL MEDICINE AND BIOLOGY

Editorial Board:

NATHAN BACK, State University of New York at Buffalo

IRUN R. COHEN, The Weizmann Institute of Science

DAVID KRITCHEVSKY, Wistar Institute

ABEL LAJTHA, N.S. Kline Institute for Psychiatric Research

RODOLFO PAOLETTI, University of Milan

Recent Volumes in this Series

Volume 579
IMMUNE MECHANISMS IN INFLAMMATORY BOWEL DISEASE

Edited by Richard S. Blumberg

Volume 580
THE ARTERIAL CHEMORECEPTORS

Edited by Yoshiaki Hayashida, Constancio Gonzalez, and Hisatake Condo

Volume 581
THE NIDOVIRUSES: THE CONTROL OF SARS AND OTHER
NIDOVIRUS DISEASES

Edited by Stanley Perlman and Kathryn Holmes

Volume 582
HOT TOPICS IN INFECTION AND IMMUNITY IN CHILDREN III

Edited by Andrew J. Pollard and Adam Finn

Volume 583
TAURINE 6

Edited by Simo S. Oja and Pirjo Saransaari

Volume 584
LYMPHOCYTE SIGNAL TRANSDUCTION

Edited by Constantine Tsoukas

Volume 585
TISSUE ENGINEERING

Edited by John P. Fisher

Volume 586
CURRENT TOPICS IN COMPLEMENT

Edited by John D. Lambris

Volume 587
NEW TRENDS IN CANCER FOR THE 21ST CENTURY

Edited by J.A. López-Guerrero, A. Llombart-Bosch and V. Felipo

A Continuation Order Plan is available for this series. A continuation order will bring delivery of
each new volume immediately upon publication. Volumes are billed only upon actual shipment. For
further information please contact the publisher.



NEW TRENDS IN
CANCER FOR THE 
21st CENTURY
2nd Edition

Edited by

Antonio Llombart-Bosch
University of Valencia,
Valencia, Spain

Vicente Felipo
Centro de Investigación Prínicpe Felipe,
Valencia, Spain

and

José Antonio López-Guerrero
Fundación Instituto Valenciano de Oncología,
Valencia, Spain



ISBN-10 1-4020-4966-8 (HB)
ISBN-13 978-1-4020-4966-8 (HB)
ISBN-10 1-4020-5133-6 (e-book)
ISBN-13 978-1-4020-5133-3 (e-book)

© 2006 Springer

All rights reserved. This work may not be translated or copied in whole or in part without the
written permission of the publisher (Springer Science + Business Media, LLC, 233 Spring Street,
New York, NY 10013, USA), except for brief excerpts in connection with reviews or scholarly
analysis. Use in connection with any form of information storage and retrieval, electronic
adaptation, computer software, or by similar or dissimilar methodology now known or hereafter
developed is forbidden.
The use in this publication of trade names, trademarks, service marks, and similar terms, even if they
are not identified as such, is not to be taken as an expression of opinion as to whether or not 
they are subject to proprietary rights.

9 8 7 6 5 4 3 2 1

springer.com



Honoring the memory of Prof. Antonio Llombart Rodríguez.
Commemorating the centenary of his birth and the 50th anniversary

of the founding of the Spanish Association
Against Cancer (AECC) in Valencia
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Preface

This volume contains the text of the presentations delivered at the Second
International Symposium on Cancer “New trends in Cancer for the 21st
Century” held in Valencia, Spain, from November 12 to 15, 2005. This second
symposium represents continuity in the scientific activities of the Cátedra
Santiago Grisolía and of the Fundación de la Comunidad Valenciana Ciudad
de las Artes y las Ciencias.

More than 200 scientists attended this Symposium, not only from Spain but
also from different countries of Europe, the USA, and Latin America. As on the
last occasion, the venue was the Auditorium of the Museum of Sciences
Príncipe Felipe in Valencia. Valencia is an ancient Spanish city with 2000 years
of history, the population of which represents almost the entire cultural history
of Spain. Its historical background originates from the Phoenician world, with
its roots deepened, first by the Roman Empire, and later by a very fertile and
influential Arab presence. All these cultural roots are still present and alive in
our community, with their enriching influence in buildings, monuments, villages,
and street names, and especially in the customs and habits of its citizens.

Moreover, the community of Valencia, with its special dynamism, has pro-
vided a solid backing in the building of Spain to its present position. It is a driv-
ing force in culture, science, arts, and commerce, within a coherent civil society,
that harmonizes in all its manifestations both the responsibilities of work and
the joy of life. At present, the Valencian community is experiencing a golden era
within the modern history of Spain, producing an example of democratic,
common-sense integration, as well as being one of the most attractive regions in
this area of the Mediterranean.

In fact, our lecture hall in the Museu de les Ciències Principe Felipe, an inter-
active science museum, offers the modern view and counterpart to the old city
center. The Ciudad de las Artes y las Ciencias, city of arts and sciences complex,
forms part of what is becoming, in the fields of education, culture, arts, and sci-
ences, the modern Valencia of the 21st century. This project includes
L’Hemisfèric (Imax Dome, Planetarium, and Laserium cinema), L’Umbracle
(garden and parking), L’Oceanogràfic (the largest marine park in Europe), the



Museu de les Ciències Principe Felipe, and the Palau de les Arts, an opera house
recently inaugurated by the Queen of Spain. This enterprise was designed and
directed by the renowned Valencia-born architect Santiago Calatrava, and is but
one more example of the commitment of this city and its citizens to the future
of Valencia and its community.

During this scientific event, homage was paid to those men who provided the
driving force and impulse in creating the Cancer League in Valencia 50 years
ago. Among them, present in our memory was Professor Antonio Llombart-
Rodríguez, distinguished Valencian pathologist and professor at the Medical
School until 1975. This year we commemorated the Centennial of his birth. He
belonged to the rich scientific background that formed the Medical School of
Valencia in both former and present times. Names such as the anatomists Pedro
Gimeno and Jeronimo Valverde pertained to the initial period of the anatomo-
clinical correlations in medicine, in the 16th and 17th centuries, even before the
famous Italian and central European anatomists. Other prestigious scientists
such as Santiago Ramón y Cajal were teachers at this Medical School at the end
of the 19th century, founding a renowned school of histologists and patholo-
gists, among whom were Juan Bartual, Luis Urtubey, and Antonio Llombart-
Rodríguez, former Director at the Department of Pathology. A short account of
his life is included at the end of the introduction.

In the organization of the event, both the University of Valencia and its
Medical School through the Department of Pathology, and the Instituto
Valenciano de Oncologia (IVO) Foundation, a charitable, nonprofit foundation,
provided the scientific support to the Symposium. These institutions represent
in some way the ancient and modern aspects of this community.

On the one hand, the University of Valencia is a historical institution, in exis-
tence for more than 500 years, while the IVO Cancer Center Foundation was
created just 30 years ago with the support of the Spanish Cancer League
(Asociacion Española Contra el Cancer). The IVO Cancer Hospital is a modern
and prestigious organization, oriented as a Comprehensive Cancer Center, cov-
ering prevention, early diagnosis, treatment, and research, and represents the
largest cancer institution in our community. Since its creation, it has diagnosed
and treated more than 40,000 patients with an average of 3,000 new cancer
patients each year. It houses all kinds of modern technology used in diagnosis
and treatment, as well as having numerous and well-qualified medical staff. Both
these outstanding institutions, illustrations of dynamism and scientific promo-
tion, provide financial support to this activity.

What motivated this second edition of New Trends in Cancer for the 21st
Century? It is difficult to imagine anyone who has not heard of cancer. This dis-
ease can affect our family, friends, or even us at some time in our lives. Every
year nearly 3 million Europeans are diagnosed with cancer, leading to around
800,000 deaths per year. This represents a tremendous problem that cannot be
ignored by either politicians or citizens, especially considering that these deaths
occur not only in an aging population but also in children and in adults during
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the most active period of their lives. Fortunately, there is a constant growing
awareness that cancer is not a problem exclusively for the clinicians and politi-
cians, but for everybody. In this sense, the experience of the Symposium was
very enriching, where fundamental researchers, politicians, and representatives
from patients’ coalitions had the opportunity of sharing their concerns, inter-
ests, and knowledge, as well as their own points of view and experiences. We are
sure that this meeting served not only to provide state-of-the-art information on
cancer but also to look at the problem with other eyes, with greater commitment
and with the sensation that we are not alone on this ship.

In the particular case of Europe, the European Parliament, under the auspices
of the European Commission Research Directorate-General, has expressed the
need for a more active policy. New approaches are required for the development
of strategies in prevention, cancer care, and research, by designing evidence-
based guidelines for early detection, diagnosis, treatment, and aftercare for the
most common types of cancer. These actions will be oriented toward a more
interdisciplinary approach in cancer research, with more financial support,
more research on courses of treatment, and introducing independent clinical
assays on a higher number of patients. Comparative research should be con-
ducted into the cost-effectiveness of various detection and treatment methods in
order to increase efficiency and reduce costs in the health care system. European
models should be developed for the continued training in research and clinical
specialization involved in the various fields involved in the fight against cancer.
Finally, the continuance of existing networks with their successful activity
should be ensured for the future, in addition to the promotion and creation of
new ones.

This European policy has resulted in three projects, each described in the
present volume:
(a) The PROTHETS project (of the 6th framework program) has been specifi-

cally dedicated to the study of Ewing’s sarcoma biology and to design new
strategies for treatment of this bone tumor.

(b) The TuBaFrost project (of the 5th framework program) has been useful to
constitute the first European Network of fresh frozen tumor banks.

(c) The eTUMOR project (also from the 6th framework program) on the use of
Magnetic Resonance Spectroscopy is a tool in the diagnosis and classifica-
tion of brain and prostate cancers.

The causes of cancer and the many factors that influence its emergence are
complex and heterogeneous. From the pathological point of view, the diagnosis
and classification of tumors is based mainly upon the recognition of the micro-
scopical tumor patterns, with the support of immunophenotyping and other
emerging molecular techniques. The development of novel and sophisticated
technologies for the study of tumor profiling, based as much on genetics as on
protein expression profiles, is opening doors to what is considered to be the new
molecular pathology. These novel approaches represent an exceptional opportu-
nity for histopathology, since with the expansion of a large number of assayable
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markers it is now possible to gather a better molecular portrait of tumors and
deliver better oriented therapies.

The development of new therapeutic drugs, directed against specific targets
such as tyrosin kinase receptor inhibitors, or monoclonal antibodies that down-
regulate the hyperactive function of some oncogenes, has considerably improved
the outcome for many patients (Phase II and III studies).

Special mention in the fight against cancer must be made of organizations
such as the European Organization for Research and Treatment of Cancer
(EORTC), the Organization of European Cancer Institutes (OECI) and the
independent comprehensive cancer centers. These institutions promote and
coordinate high-quality laboratory research and clinical trials and also provide
a central facility with scientific expertise and administrative support for this net-
work of scientists and clinical investigators.

The organizers wish to thank all the speakers, chairpersons, and participants
for coming again to Valencia for the second Symposium. We express our grati-
tude for their written contributions and for their enlightened and fruitful dis-
cussion. We gratefully acknowledge the financial support provided by the
Fundación Instituto Valenciano de Oncología, the Spanish Association Against
Cancer (AECC) in Valencia, and the Department of Pathology of the
University of Valencia. We would also like to thank the Catedra Santiago
Grisolía and the Fundación de la Comunidad Valenciana Ciudad de las Artes y
las Ciencias for providing the facilities and organizing both the Symposium and
the sessions.

Antonio Llombart-Bosch
Vicente Felipo

José Antonio López-Guerrero
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Professor Llombart-Rodríguez – Memorial

Text of a speech delivered by Professor Antonio Llombart-Bosch in memory of
Professor Llombart-Rodríguez

It is my pleasure and privilege to deliver a brief portrayal of one of the most
outstanding and relevant pathologists of the last century in Spain. As you know,
I am speaking of the late Professor Antonio Llombart-Rodríguez (1905–1997).
In honor of his memory, and on the centenary of his birth, we are gathered
together at this Symposium.

In the second half of the last century, when speaking about cancer in Spain,
the name of Professor Llombart-Rodríguez was a point of reference concerning
the morphological features of this complex disease. Who was Professor
Llombart-Rodríguez?

Born in Valencia, where he obtained his MD degree with the highest awards
and developing, still as an MD student, a particular interest in histology he
spent several periods in the laboratory of Professor Pio del Rio Hortega, at the
Junta de Ampliacion de Estudios in Madrid. Hortega was one of the most dis-
tinguished pathologists of the school of Santiago Ramon y Cajal, and described
the oligodendroglia and microglia as well as several tumor entities of the CNS.

An enthusiasm for research into the morphology of cancer led Antonio
Llombart to extend his training outside Spain. Between 1929 and 1932 he spent
three scholarship years in France with Professor P. Champy and Gustave Roussy
(founder of the Institute Gustave Roussy), working on technical procedures for
silver stains and inflammatory diseases. He also spent time with Professor Rossle
at the Charité Krankenhaus in Berlin, working on the Rous sarcoma virus and tis-
sue cultures at the laboratory of Professor Erdmann (Mohawitz Krankenhaus).

Upon his return to Spain his activities were directed towards the Basque
Country, organizing the laboratory of pathology at the General Hospital in San
Sebastian. The idea of creating a Cancer Institute was formed between a group
of scientists and doctors of this city, and in 1934, the Instituto Radio Quirurgico
was born, being at that time the second most important Cancer Center in exis-
tence in Spain, together with the National Cancer Institute in Madrid. This
institution in the Basque Country remains in a prominent position today for
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cancer diagnosis and therapy, in Spain. He continued as scientific advisor at this
Institution until 1980.

The Spanish Civil War and the Second World War affected many of his proj-
ects and (as many others) a part of his life. He became full professor of pathol-
ogy, after a short return to the University of Madrid (1940), at the medical
school of Valladolid, where he continued, not without great difficulty, his work
on neoplastic diseases.

Called as Professor of Pathology to the University of Valencia in 1945, he
restructured his scientific activities, first in the old Medical School building in
Guillem de Castro, and later inaugurating, at the new campus, a department of
Experimental Cancer research and co-founding the Spanish Cancer League
(AECC) in 1955. At the symposium, we also celebrated the 50th anniversary of
this event.

His life in the University of Valencia was always oriented towards the same end:
investigating cancer by morphological means, fighting cancer through all available
systems and preventing cancer by education and communication. I am not going to
enumerate the substantial number of books and papers published in International
journals (more than 200). In addition, a large number of students grew up during
the 30 years of splendid devotion to his activities in the University of Valencia as
director of the Department of Pathology and cancer Research Department. Fifteen
full professors of pathology present in Spain and Latin America witness the strong
position attained by his group in the second half of the last century and which con-
tinues today in several universities and research institutions.

For many years he was actively involved in the prevention of cancer through
the Spanish Cancer Association and the co-founding of the Research
Foundation of the AECC. This was in the early seventies, when in Spain the
crystallization of oncology as a medical specialty took place and the Sociedad
Española de Oncologia (SEO) was created, unifying diverse clinical cancer soci-
eties in Spain. He was elected as its first president, actively promoting this
organization at official level.

Nevertheless, one of his major achievements was reached at the end of his aca-
demic life, when he was already 70 years old. It was at this point that he founded
and guided the construction of the Instituto Valenciano de Oncologia (IVO
Foundation), of which he remained president until his death. During this period,
he also continued his research activities and actively participated in fighting can-
cer through the local Cancer league. Furthermore, he published three books: the
first was an exhaustive overview of the problems in cancer at that time. The sec-
ond and third contain his experiences, narrating the history of the Spanish
Cancer Association until 1993, while the last was completed one year before his
death (1996) describing the origins and evolution of the IVO Cancer Center.

He spent the lasts days of his life surrounded by family, former scholars and
friends in a peaceful atmosphere with the satisfaction of having completed a
long and fruitful existence. Today his example remains alive in the memory of
us all who had the privilege to work under his leadership.

xvi PROFESSOR LLOMBART-RODRÍGUEZ – MEMORIAL
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CHAPTER 1

PROGNOSTIC AND THERAPEUTIC TARGETS 
IN THE EWING’S FAMILY OF TUMORS (PROTHETS)

P. PICCI, K. SCOTLANDI, M. SERRA, AND A. RIZZI

Istituti Ortopedici Rizzoli, Bologna, Italy

Abstract: ProTheTs is a specific targeted research project (STREP) funded by the European
Union in the 6th Framework Program (FP6), area: “LSH-2002-2.2.0-8 Translational
research on promising predictive and prognostic markers”, contract n. LSHC-CT-
2004-503036. The research will concentrate on translating the knowledge being
created by genomics and other fields of basic research into applications that improve
clinical practice and public health

1. PROJECT PRESENTATION

The project, supported by a grant from the European Commission (contract
LSHC-CT-2004-503,036), through collaborative studies among eleven
European partners:
1. Istituti Ortopedici Rizzoli, Bologna, Italy (Coordinator)
2. Unité INSERM UMR 576, Institut National de la Santé et de la Recherche

Médicale, Nice, France
3. Laboratory for Experimental Orthopaedic Research, University Hospital of

Münster, Münster, Germany
4. Haartman Institute, Department of Medical Genetics, University of

Helsinki, Helsinki, Finland
5. Universitat de València. Estudi General, through the Department of

Pathology (Medical School, Hospital Clínico Universitario), Valencia,
Spain

6. Children’s Cancer Research Institute, St. Anna Children’s Hospital, Vienna,
Austria

7. Universitè Paris 7 Denis-Diderot, Paris, France
8. CNRS, Délégation Ile de France Est, established in Tour Europa 126,

94,532 Thiais Cedex, France
1

J.A. López-Guerrero et al. (eds.), New Trends in Cancer for the 21st Century, 1–12.
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9. Belozersky Institute of Physico-Chemical Biology, Lomonosov Moscow
State University, Moscow, Russia

10. Genx Laboratories s.r.l., Vignate (MI), Italy
11. Mabgène S.A., Ales, France
will define prognostic markers and new therapeutic targets in the Ewing’s sar-
coma family of tumors (ESFT) to provide rigorous scientific justifications for
the development of clinical trials for this rare disease, which is manifested for
the most part in children.

The main objective of this project is to evaluate the prognostic relevance of
selected markers (EWS/FLI-1, secondary genetic alterations, CD99, IGF-IR,
NOVH, erbB-2, and TTF1) and the effectiveness of therapeutic approaches tar-
geting some of these molecules. The prognostic value of these markers will be
evaluated in retrospective and prospective series of ESFT patients treated across
the participating centres. Through statistical analysis, we will verify which fac-
tors have the highest prognostic impact in ESFT patients, in terms of overall
survival, disease progression, and chemosensitivity. In order to provide the nec-
essary rationale for the forthcoming application of new therapies, the preclini-
cal effectiveness of new drugs (Herceptin and TRAIL) and strategies targeting
molecules (CD99, IGF-IR and EWS/FLI-1) found to be critical for ESFT will
be evaluated.

Another major goal of the project is the construction of ESFT c-DNA
microarrays and tissue arrays, which will be used for the analysis of different his-
tological subtypes of ESFT, primary and metastatic tumors and poor and good
responders to chemotherapy.

Therefore, the expected results are:
1. Identification of prognostic factors in ESFT
2. Definition of patient selection criteria
3. Creation of new therapeutic bullets against ESFT
4. Identification of new therapies
5. Creation of new tools for the diagnosis and screening of high-risk groups
This will lead to:
1. The definition of forthcoming risk-adapted strategies and targeted molecu-

lar treatments to be advantageously combined with established therapies
2. Improved quality of life and survival for ESFT patients
3. Prevention of risk in groups at risk

2. AIM

The project will define prognostic markers and new therapeutic targets in the
ESFT through collaborative studies to provide rigorous scientific justification
for the development of new therapeutic strategies for this rare disease, which is
manifested for the most part in children.

ESFT can develop in male and female although the male gender is preferred
by 1.5 to 1. Around 85% of the cases occur between 5 and 25 years of age with
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a peak of incidence between 5–10 and 10–15 years old. Therefore the project,
aiming to ameliorate treatment of ESFT, will have an impact on child health. In
particular, the main objective of this project is to develop patient-oriented
strategies for Ewing’s sarcoma patients by:
1. Integrating different disciplines and advanced technologies to develop effec-

tive approaches or new tools for diagnosis, prognosis and treatment
2. Elucidating the contribution of specific molecular and genetic factors to the

histogenesis of the disease

3. BACKGROUND

The ESFT includes: (1) Ewing’s sarcoma; (2) primitive neuroectodermal tumor;
(3) Askin’s tumor; (4) paravertrebral small-cell tumor; and (5) atypical Ewing’s
sarcoma. ESFT represents a peculiar entity in oncology. In spite of its absolute
rarity (about 300–400 cases per year in Europe), ESFT is one of the most fre-
quent solid neoplasms in paediatric age. Due to this fact, its impact on the
health system is particularly important.

ESFT primarily affects white and Hispanic young people and is extremely
rare in individuals of African or Asian origin. The reason for this striking eth-
nic distribution is not known, although interethnic differences exist for certain
alleles of one of the genes consistently disrupted in these neoplasms. Tumors
can develop in almost any bone and soft tissue. Approximately 25% of patients
have detectable metastatic disease to lung, bone and bone marrow at diagnosis,
but nearly all patients have micrometastases, as evidenced by a less than 10%
cure rate with local therapy alone.

4. STATE OF THE ART

Past progress: The adoption of multimodal treatments with very aggressive
chemotherapeutic regimens have significantly improved the chance of survival
of ESFT nonmetastatic patients, shifting the 5-year survival rates to around
60% [1–3]. This improvement was obtained by the standardization of treatment
modalities through the design of multicentric trials, which have been adopted by
several National and International groups in Europe including most of the
project partners.

Present situation and problems: Despite these important clinical results, which
are usually difficult to obtain in rare diseases, several problems related to histo-
genesis, prognosis and treatment response are still open.

5. HISTOGENESIS

The histogenesis of ESFT is still uncertain and the normal counterpart of ESFT
cells is still unknown. These neoplasms share the presence of specific chromo-
somal translocations, which produce an EWS/ets gene rearrangement (in more
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than 95% of cases, the gene fusion is EWS/FLI-1 due to the t(11;22) (q24;q12)
or EWS/ERG due to the t(21;22) (q22;q12)), as well as the expression, at
extremely high levels, of an antigen determined by the MIC2 gene (also known
as CD99) [4–6], and are currently defined along a limited gradient of neural dif-
ferentiation. However, the neuroectodermal origin and whether or not neuroec-
todermal differentiation of ESFT has a prognostic importance is still a matter
of dispute [7–10]. Other histogenetic possibilities cannot be excluded because
ESFT can also exhibit some epithelial and mesenchymal characteristics and can
arise in organs not directly related to the neural crest (i.e. the kidney).

6. PROGNOSIS

The lack of prognostic factors obliges the use of nondifferentiated treatments for
all patients, leading to overtreatment of those patients who could benefit from
less toxic therapies. The reduction of delayed side effects is particularly impor-
tant in this disease considering the young age of the patient and their long life
expectancy. Several biological studies have been recently carried out on the iden-
tification of the peculiar features of ESFT, offering promising molecular targets
to be potentially used for therapy. A better outcome for patients with localized
tumors expressing the EWS/FLI-1 type 1 fusion has been reported [11–13]. The
biological basis for the prognostic differences among the various fusion genes is
unknown, but a recent report has shown a significant association with levels of
expression of insulin-like growth factor (IGF-IR) and the proliferation rate
[13,14]. Moreover, secondary cytogenetic and molecular alterations of ESFT (i.e.
gains of chromosome 8 and 12, loss of chromosome 16, deletions at chromosome
1p36 and p53 mutations) have recently been associated with a worse prognosis
[15–18], further indicating a possible association between genetic variants and
clinical features. Recently, CD99 isoforms were reported to differentially dictate
the fate of T cells [19] and preliminary in vitro results obtained from Partner 1 in
collaboration with Partner 2 indicate that the two isoforms may have a differen-
tial biological role in affecting malignancy of ESFT. Finally, recent reports have
shown that the expression of the NOVH protein, which belongs to the emerging
CCN (Connective tissue growth factor, Cyr61/Cef10, nephroblastoma overex-
pressed gene) family of growth regulators [20,21], is related to a higher risk of
developing metastases and an adverse clinical outcome in ESFT; preliminary
data of Partner 1 (manuscript in preparation) also indicated an expression of
erbB-2 in around 20–30% of cases. Evaluation of the prognostic role of erbB-2
requires larger studies. These encouraging but sporadic data should stimulate
inclusion of these markers into retrospective and prospective studies.

7. THERAPY

In the current state of ESFT treatment there is a survival “plateau” (around 60%
for patients with localized disease and 25% for high-risk groups) due to the lack
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of new drugs and toxicity that impedes more intense use of existing drugs
[2,22,23]. The only exception is ET-743, a new marine compound with high effec-
tiveness in sarcomas [24]. However, this is a conventional cytotoxic drug with the
usual problems of high toxicity and development of drug resistance [25]. A new
targeted drug (Imatinib/Glivec) that inhibits c-kit activity has been recently pro-
posed due to expression of this receptor in ESFT [26]. However, its effectiveness
was found to be controversial and generally low even in preclinical conditions,
therefore diminishing initial enthusiasm [27,28]. The identification of new targets
for innovative therapeutic strategies is, therefore, strongly needed for this tumor.

Progresses are generally hampered by the rarity of the disease (in Europe about
400 cases/year) implying a limited number of cases for effective research. Moreover,
because ESFT is an orphan disease, no private company will develop new thera-
peutic tool and charge on itself the costs to conduct preclinical investigation.

8. SOLUTIONS AND AREAS FOR FURTHER DEVELOPMENT

With respect to the problem of toxicity, the project, by identifying the clinical rel-
evance of a number of markers, may allow the differentiation of patients in terms
of risk to recur. This will enable more aggressive treatments where these are jus-
tified, and avoid toxicity in cases where such treatments may be known to be
unnecessary, with particularly significant consequences for the quality of life of
the patients. Moreover, successful treatment of therapy-resistant patients requires
new strategies. Indeed, there is desperate need for new therapeutic approaches in
ESFT. Practically, most patients relapsing after front-line chemotherapy, that
have used virtually all active drugs currently available, are suitable for inclusion
in phase II studies on new targeted therapies. Thanks to the presence of different
laboratories with an extremely specialized and differentiated experience on
the subject, a thorough study of the preclinical effectiveness of new targeted
therapeutic strategies will be performed with the aim of the identification of the
Achilles’ heel in this disease and the consequent development of a tailored bio-
logical therapy to be used in association with conventional chemotherapy.

By providing an organizational framework for collaboration the project will
also allow multicentre collection and analysis of cases as well as suitable collab-
orative research to allow genetic studies for the screening of high-risk patients
and patients responding differently to chemotherapy.

9. SPECIFIC SCIENTIFIC AND TECHNOLOGICAL OBJECTIVES

Previous studies, mainly conducted by partners of this project, have indicated in
the presence of EWS/FLI-1 or EWS/ERG chimeric proteins, CD99, IGF-IR,
NOVH and TTF1 as well as in responsiveness to tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) peculiar features of ESFT [21,29–42]. The
main objective of this project is to evaluate the prognostic and therapeutic
relevance for each of these factors and any correlations among them, to provide
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the rationale for the design of new options for therapy to patients escaping con-
ventional treatments. Accordingly, the prognostic impact for each of these fac-
tors, by the retrospective and prospective analysis of a large number of tissue
samples collected in the different centres, and the preclinical effectiveness of new
strategies specifically targeting some of these molecules will be defined.

Objective 1. Impact of Molecular Studies on Prognosis in ESFT

Definition of subgroups of patients with different survival probabilities through
the analysis of the expression of EWS/FLI-1 or EWS/ERG fusion transcripts,
secondary cytogenetic and molecular alterations, CD99, IGF-IR, NOVH, erbB-
2 and TTF1 in relation to prognosis. This allows stratification of therapy, which
may improve the ability to cure high-risk patients and minimize toxicity to the
low-risk patients.

Quantification

Definition of the relative risk for each patient. Achievable through:
1. Preparatory activities and prospective data collection
2. Prognostic relevance of selected promising predictive markers in classical

Ewing’s sarcoma versus peripheral neuroectodermal tumors
3. Identification of genetic markers and tissue array construction
4. Validation of ESFT arrays and Definition of new therapeutic strategies

Verification

Products
1. Standardization of experimental procedures:

● Guidelines for histological diagnosis of ESFT
● Guidelines for tissue-handling experimental procedures
● Guidelines for the experimental procedures to define the preclinical profile

of new targeted therapies
2. Tissue data bank
3. Standardization of diagnostic criteria
4. Definition of patient selection criteria
5. Comparison between biological findings and clinical outcome, thorough sta-

tistical analysis, will verify which factors have the higher prognostic impact
in ESFT patients

6. Guidelines for the detection and the significance of the selected biomolecu-
lar markers of prognosis

Objective 2. Impact of Targeted Therapeutic Approaches in the Treatment 
of ESFT

Definition of innovative therapeutic strategies.
Identification of the most effective treatment modalities to be associated with

conventional chemotherapy.
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Quantification

The use of antisense strategies, dominant negative mutants, neutralizing or
antagonist antibodies, and specific inhibitors of intracellular signalling path-
way, in vitro and in preclinical studies, will provide information on the effective-
ness of targeting possible therapeutic molecules (EWS/FLI-1, CD99, erbB-2
and IGF-IR). The development of a humanised anti-CD99 MAb, siRNA to
EWS/FLI-1 and IGF-IR, delivered inside cells by using polycationic vectors,
will represent new bullets for the treatment of ESFT. Simultaneous and sequen-
tial treatments in combination with chemotherapeutic drugs will help to clarify
the practical usefulness of these approaches in clinical settings. The validity of
a TRAIL-mediated immunotherapy in ESFT will be also verified.

It is achievable through:
1. Definition of the therapeutic value of EWS/FLI-1 and creation of therapeu-

tic tools for clinical application
2. Therapeutic value of targeted therapies against erbB-2 and IGF-IR
3. Development of new therapeutic strategies targeting CD99 molecule
4. Anti-Ewing tumor activity of TRAIL
5. Preparation and preclinical assessment of chimeric CD99 Mab
6. Validation of ESFT arrays and Definition of new therapeutic strategies

Verification

Methods of in vitro verification: Analysis of the effects of specific treatments
with respect to growth, apoptosis, motility and invasive ability of ESFT cells,
also in association with conventional anticancer agents.

Methods of in vivo verification: Analysis of the effectiveness of these inno-
vative strategies to inhibit the tumorigenic and metastatic ability of ESFT cells
in athymic mice or NOD/scid mice, also in association with conventional anti-
cancer agents.

Products
1. Synthetic and vectorized siRNA compounds specific to EWS/FLI-1
2. Soluble, cell permeable and vectorized scFv to EWS/FLI-1
3. ESFT cells with impaired expression of EWS/FLI-1
4. Pilot phase analysis of siRNA compounds specific to EWS/FLI-1
5. Pilot phase analysis of methylated antisense oligonucleotides
6. ESFT cells with impaired expression of IGF-IR
7. Pilot phase analysis of HerceptinTM preclinical activity
8. Synthetic and vectorized siRNA compounds specific to IGF-IR
9. Pilot phase analysis of IGF-IR targeted strategies

10. Cells expressing different isoforms of CD99 and mutated molecule
11. Genetic signature of CD99-induced caspase-independent apoptosis
12. CD99Fc and CD99-ligand constructs
13. Pilot phase analysis for TRAIL/Apo2L and etoposide.
14. ESFT cell lines expressing NFκB-VP22 fusion proteins
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15. ESFT cell lines expressing hypermethylated caspase genes
16. Chimerized CD99 “O662” Mab
17. Pilot phase preclinical analysis of the combination of chimerized anti-

CD99 MAb with conventional chemotherapy
18. Guidelines for the design of new therapies in ESFT

Objective 3. Development of New Molecular Markers and/or Genomic Profiles
to be Used for the Evaluation of Tumor Progression and Response to
Chemotherapy

Creation of an extensive ESFT tissue bank, including frozen and paraffin-
embedded material standardized for diagnosis and procedure, and of tumor tis-
sue arrays.

Creation of a hierarchical database with data related to each patient includ-
ing treatment, outcome, pathology, and molecular features.

Analysis of gene expression profile of ESFT cells upon modulation of
EWS/FLI-1, CD99 IGF-IR and NOVH expression or functions as well as of
ESFT samples in relation to metastatic ability and response to chemotherapy
will clarify which genes are related to ESFT tumor progression. Moreover, new
possible markers to be used for diagnostic, prognostic or therapeutic purposes
will be identified.

Construction of specific ESFT c-DNA and CGH microarrays as prototype.

Quantification

The ESFT tissue bank will be formed by 50–60% of all the European cases.
A list of genes that are specifically overexpressed or underexpressed in ESFT
in relation to outcome will be identified with microarray and tissue array tech-
niques. Their analysis and the study of gene expression changes in ESFT upon
modulation of EWS/FLI-1, CD99 and IGF-IR will define a limited number
of genes, for whom functional studies will be performed. This multistep pro-
cesses will endup with the definition of few genes (a number between 50 and
100 genes is expected) directly related to the pathogenesis and progression of
this tumor.

Achievable through:
1. Identification of genetic markers and tissue array construction
2. Role of NOVH (CCN3) in the progression of ESFT
3. Construction of ESFT-specific microarrays

Verification

The ESFT tissue bank together with the connected database will represent an
invaluable source of standardized material and information available for the
European Community. Construction of ESFT-specific cDNA and/or CGH
DNA microarrays containing the sequences from the known ESFT-associated
target genes, as well as genes identified in ESFT cells modified for the expression
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of EWS/FLI-1, CD99, NOVH or IGF-IR. Construction of ESFT-specific tis-
sue arrays by using 100–200 tissue samples. These arrays will represent useful
tools for the screening of high-risk groups by assessing the clinical significance
of specific genes in relation to ESFT malignancy and response to chemotherapy,
and for improving the histological classification of ESFT.

Products
1. Construction of a comprehensive ESFT tumor tissue array
2. Vectors expressing the full-length nov protein
3. Vectors expressing the different domains of the nov protein
4. ESFT cells expressing the full length or the different domain of NOV
5. Antibodies against subportions of the NOV protein
6. Construction of ESFT-specific cDNA microarrays
7. Construction of ESFT-specific CGH microarrays
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CHAPTER 2

TARGETED THERAPIES IN EWING’S SARCOMA

KATIA SCOTLANDI

“Growth Factors and Receptors”, Oncologic Research Laboratory, Istituti Ortopedici Rizzoli, Via di
Barbiano 1/10, 40126 Bologna, Italy

Abstract: Ewing’s sarcoma, the second most common malignant bone tumor, is an extremely
aggressive neoplasm, mainly occurring in children and adolescents. Ewing’s sarcoma
shows a low survival rate despite the adoption of multimodal treatments, including
local control of the disease by surgery and/or radiotherapy and multidrug adjuvant
chemotherapy. No new effective drugs have been recently described and proposed for
sarcomas and, therefore, innovative treatment modalities are very welcome and
needed. In this respect, two new entry sites for therapeutic intervention may derive
from tailored therapies against the insulin-like growth factor receptor I (IGF-IR) or
CD99, a cell surface transmembrane protein highly expressed in Ewing’s sarcoma.
Neutralizing IGF-IR functions was shown to significantly affect Ewing’s sarcoma
malignancy. However, it is only recently that new clinically applicable drugs targeting
IGF-IR are available and represent a concrete opportunity. Engagement of CD99
induces massive apoptosis of Ewing’s sarcoma cells through caspase-independent
mechanisms and reduces their malignant potential. Since the apoptotic functions of
this molecule are of potential clinical interest, the effects of a tailored therapy
triggering CD99 were analyzed against Ewing’s sarcoma local tumors and distal
(lung and bone) metastases in athymic mice. The effects of targeted therapies against
CD99 or IGF-IR were evaluated in combination with conventional
chemotherapeutic agents to assess best drug–drug interactions and treatment
schedule. Toxic effects of these tailored therapies were also considered to offer the
necessary rationale for the application of possible forthcoming clinical trials.
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1. INTRODUCTION

Ewing’s sarcoma ranks second amongst bone tumors and is the most frequent
solid tumor in children and adolescents. Ewing’s sarcoma is characterized by the
presence of specific chromosomal translocations, which produce EWS/ets gene
rearrangements (in more than 95% of cases, the gene fusion is EWS/FLI-1, due
to the t(11;22) (q24;q12), or EWS/ERG due to the t(21;22) (q22;q12)),1 as well
as the expression, at extremely high levels, of an antigen encoded by the MIC2
gene (also known as CD99 or p30/32MIC2).2,3,4 From a clinical point of view,
combination of chemotherapy associated with surgery or radiation therapy have
become standard practice in the treatment of patients with Ewing’s sarcoma and
the use of these multimodal treatments have shifted the survival rate of Ewing’s
sarcoma patients with localized disease to 65–70% after 5 years.5–9 However, the
most recent improvements in the cure rate of these patients have been achieved
by dose-intensification, therefore paying the price of severe toxicity and high
rate of life-threatening late events, such as secondary malignancies. This poses
serious quality of life issues due to the young age of the patients and their long
life expectancy. In addition, 25% of patients have metastases at the time of diag-
nosis, and for this high-risk group the survival rate at 5 years is still as low as
20%. The lack of new effective drugs in the treatment of sarcomas together with
important side effects of high dose regimens in young patients with a long life
expectancy supports the need of innovative therapeutic strategies, including tar-
geted therapies against molecules that appear to be critical for the pathogenesis
and progression of Ewing’s sarcoma. Discoveries in the last years have led to
a better understanding of the mechanisms involved in the genesis of this neo-
plasm and allowed the identification of some biological targets.10–14 Here we
focused our attention on the clinical relevance of targeting the IGF-IR and
CD99, two targets commonly expressed in Ewing’s sarcoma.

2. INSULIN-LIKE GROWTH FACTOR RECEPTOR I

There is compelling evidence that the IGF and its receptors plays a major role
in human neoplasia and interfering with the IGF-signaling system may be an
attractive strategy for the treatment of some human cancer, including Ewing’s
sarcoma.15,16

IGF is an endocrine factor involved in metabolic control and normal growth,
having crucial roles in many types of cancer cells. The biological functions of
IGFs are initiated by their interaction with cell surface tyrosine kinase recep-
tors, in particular the IGF-IR.17,18 Upon ligand interaction with the IGF-IR
α-subunit, tyrosine residues in the intracellular, membrane-bound β-subunit
become autophosphorylated.19 This enables docking and phosphorylation of the
insulin receptor substrates (IRS) and Shc, thereby activating two important
pathways mediating proliferation and survival, i.e., the phosphatydilinositol 
3-kinase (PI3-K)/Akt and the mitogen-activated protein kinase (MAPK)
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pathways (for a review see17,18). IGF-IR serves several important functions, such
as mitogenicity, growth in size of the cell, protection from apoptotic injuries, reg-
ulation of cell adhesion and cell motility, all well connected to normal and malig-
nant physiology. However, IGF-IR is not unique for these functions, with one
notable exception, that is its requirement for anchorage-independent growth, a
property being well established to be unique for malignant cells. This property
also implicates the function of IGF-IR in tumor progression, since the degree of
anchorage independency reflects the level of malignancy. This means that metas-
tasis had acquired more anchorage independency, and more IGF-IR dependency
compared with primary tumors. It is therefore not surprising that IGF-IR
emerged as a very promising target for cancer therapy. Respect to Ewing’s sar-
coma we have extensively demonstrated the crucial role of IGF/IGF-IR system
in the pathogenesis of the neoplasia. In particular, IGF-IR-mediated loop is con-
stantly present in Ewing’s sarcoma and is a major autocrine circuit of this neo-
plasm.20,21 In addition, Toretsky et al.22 reported IGF-IR expression to be
necessary for EWS/FLI-1-mediated transformation of primary fibroblasts. Thus,
the IGF-IR pathway may be considered a good site for therapeutic intervention
in EWS/FLI-1-mediated tumor proliferation. We confirmed this finding by
demonstrating that impairment of IGF-IR by neutralizing antibody and
suramin reduces growth and increases apoptosis of Ewing’s sarcoma cells both
in vitro and in vivo, and significantly decreases migration, invasion and metasta-
tic spread to the lungs and bones.11 It must be stressed that the “cures” observed
in athymic mice were probably real cures, because the experiments were designed
so that mice were treated for 10 days and then allowed to live out for at least
12 weeks after discontinuing the treatment. No toxicity from use of antibodies to
the IGF-IR was observed. Similar data were also observed when we used an anti-
sense oligonucleotide approach12 or when we used dominant negative mutants to
inhibit IGF-IR functions.23 In all these conditions, the blockage of IGF-IR-
mediated circuit was found to effectively reduce the tumorigenic and metastatic
ability of Ewing’s sarcoma cells in athymic mice and increase the effectiveness of
conventional cytotoxic drugs.24,25 The synergistic effects observed with doxoru-
bicin and vincristine (VCR), likely due to the induction of apoptotic that follows
IGF-IR impairment, is an important component of the anticancer effect of IGF-
IR targeting and has obvious practical implications. In addition, disruption of
IGF-IR has recently been observed to increase sensitivity to other targeted ther-
apies, in particular trastuzumab that inhibits erbB-2.26 Therefore, IGF-IR repre-
sents a valuable therapeutic approach against Ewing’s sarcoma. However,
approaches targeting IGF-IR still show limited possibilities for a prompt appli-
cation in Ewing’s sarcoma therapy. Despite the promising findings obtained in
preclinical conditions, both antisense and dominant negatives have the problem,
common to all plasmids, of an efficient delivery into animals whereas the large
size of antibodies to IGF-IR restricts its access to tumor cells, particularly in cen-
tral regions of solid tumors. Smaller fragments are currently being studied in an
effort to improve access and uptake.27 More promising is the search for small
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molecules that may inhibit the tyrosine kinase activity of the IGF-IR or its sig-
naling pathways. The major advantage of this approach is that small molecules
have a considerable higher bioavailability compared with antibodies, dominant-
negative receptors and antisense oligonucleotides. We demonstrated that disrup-
tion of either the MEK/MAPK or the PI3-K modules has profound functional
consequences in Ewing’s sarcoma cells.28 However, in the presence of IGF-IR,
the inhibition of MEK/MAPK pathway showed additional advantages. The
critical role of MEK/MAPK pathway in Ewing’s sarcoma, also supported by the
fact that interference with the constitutive activation of members of the MAPK
signaling pathway impairs EWS/FLI-1-dependent transformation,29 provides
impetus for future studies testing the in vivo therapeutic value and the general
toxicity of these signaling pathway-specific inhibitors. The problem with these
inhibitors is related to the ubiquitous ness of their targets. Similarly, the problem
of IGF-IR tyrosine kinase inhibitors is the very high homology between the tyro-
sine kinase domains of the IGF-IR and the insulin receptor, which is higher than
94%. Actually many of the developed IGF-IR tyrosine kinase inhibitors have
also caused substantial inhibition of the Insulin Receptor. Such cross-reaction
would probably cause diabetic reactions, which would prevent their clinical use.
However, there is an interesting exception. Recently, a very selective small mole-
cule (NVP-AEW541) inhibiting the IGF-IR tyrosine kinase and inhibiting tumor
growth in animals by oral administration has been reported.30 The effectiveness
of this compound was tested also against sarcomas.31 Ewing’s sarcoma cells were
generally found to be more sensitive to the effects of this drug compared with
rhabdomyosarcoma and osteosarcoma, in agreement with the high dependency
of this neoplasm to IGF-IR signaling. NVP-AEW541 induced a G1 cell cycle
block in all cells tested, whereas apoptosis was observed only in those cells that
show a high level of sensitivity. Concurrent exposure of cells to NVP-AEW541
and other chemotherapeutic agents resulted in positive interactions with VCR,
actinomycin D (ACT-D) and ifosfamide (IFO), whereas subadditive effects were
observed with doxorubicin and cisplatin. Accordingly, combined treatment with
NVP-AEW541 and VCR significantly inhibited tumor growth of Ewing’s sar-
coma xenografts in nude mice. Therefore, results encourage inclusion of this drug
in the treatment of patients with Ewing’s sarcoma in combination with VCR,
ACT-D and IFO, three major drugs in the treatment of sarcomas. Among the
small molecule, the cyclolignans also deserves to be mentioned. They have also
been shown to be potent inhibitors of IGF-IR and malignant growth.32,33 The
cyclolignan PPP revealed to be nontoxic in mice and very effective in inhibiting
xenograft growth. In addition etoposide is a lignan derivative already used in
cancer therapy. The evaluation of the effectiveness of these compounds in
Ewing’s sarcoma certainly deserves a try.

Finally, it should also be considered that IGF-signaling is also influenced by
the IGF-binding proteins (IGFBPs) that modulate the bioavailability and bioac-
tivity of the IGFs. The IGFBP family contains at least six high affinity members
with variable functions and mechanisms of action. IGFBP-3 is the most abun-
dant IGFBP in post-natal serum and has been shown to be a growth inhibitory,
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apoptosis inducing molecule, capable of acting through IGF-dependent and
IGF-independent mechanisms.34,35 In particular, IGFBP-3 in serum forms a 150
kDa complex with acid-labile subunit and IGF-I or IGF-II, thus prolonging
their half-life and regulating the distribution of IGFs and their endocrine
actions. Locally produced IGFBP-3 acts as an autocrine/paracrine regulator of
IGFs. IGFBP-3 has affinities for IGFs that are equal to or stronger than those
of the IGF receptors and, therefore, inhibits the IGFs by sequestration in the
extracellular compartment and preventing their interaction with IGF-IR. In
addition, IGF-independent actions, including growth inhibition, apoptosis, and
sensitization to radiation and chemotherapeutic agents,34,35 as well as successful
in vivo treatment of cancer models with IGFBP-336,37 were reported. Thus, these
experimental evidences together with epidemiological studies that correlated the
level of IGFBP-3 with the risk to develop cancer,38,40 indicate IGFBP-3 as an
anticancer molecule with potential therapeutic relevance. We evaluated whether
IGFBP-3 may be exploited for therapeutic applications in the treatment of
Ewing’s sarcoma. We observed a generally low expression of IGFBP-3 either in
a panel of Ewing’s sarcoma cell lines or clinical samples. The addition of
rhIGFBP-3 to Ewing’s sarcoma cells induced dose–dependent growth inhibi-
tion, in monolayer cultures, inhibited anchorage-independent growth, and led to
significant reduction of motility. IGFBP-3 acts mainly through IGF-dependent
mechanisms and the protein may therefore represent an alternative strategy to
inhibit IGF-IR functions. We also observed a significant inhibition in the pro-
duction or activity of the matrixmetalloprotease (MMP)-2 and 9 and of vascu-
lar endothelial growth factor (VEGF)-A after treatment with IGFBP-3. In
addition, forced expression and production of IGFBP-3 in stable TC-71 Ewing’s
sarcoma cells, confirmed the effects observed with the exogenous protein, and
reduced the number of lung and bone metastases in athymic mice. These
findings further support the therapeutic value of disrupting IGF/IGF-IR
system in Ewing’s sarcoma and indicate the therapeutic potential of IGFBP-3.
Unfortunately, there are currently no strategies available to deliver exogenous
IGFBP-3 protein as an effective anticancer therapeutic.

In conclusion, experimental and preclinical investigations have provided clear
and encouraging results about the attractiveness of IGF-IR as a therapeutic
target in Ewing’s sarcoma, which has demonstrated a peculiarly high level of sen-
sitivity towards IGF-IR-disrupting approaches. We now have compounds, such
as NVP-AEW541 or cyclolignan PPP that seemingly show the necessary require-
ments of specificity, drugability and preclinical effectiveness. Experiments are
concordant in indicating that IGF-IR targeting has very little toxic effects. So,
it is time to perform clinical studies and definitely evaluate the usefulness and
risks of targeting IGF-IR as an option in Ewing’s sarcoma treatment.

3. CD99

CD99 is a ubiquitous 32-kDa transmembrane protein encoded by the MIC2
gene, which is located to the pseudoautosomal regions of both X and Y human
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chromosomes, and shares no homology with any known family of proteins with
the exception of XG gene.41–44 Broadly distributed on normal cells, CD99 is
highly expressed on T- and B-lymphocytes.45–47 Immunohistochemistry detected
CD99 in several types of cancer, including lymphoblastic lymphoma/leukemia,46

some rhabdomyosarcomas,48 synovial sarcoma49 and mesenchymal chondrosar-
coma.50 Antigen retrieval technology has been extending the number of tumors
in which detection of the antigen was found. However, Ewing’s sarcoma remains
the tumor that, without exception, most consistently expresses CD99, a feature
that allows differential diagnosis to distinguish Ewing’s sarcoma from other
types of small round cell tumors.51 The functional role of CD99 is not well
known. The ligand (s) for CD99 has not been identified, and most of our knowl-
edge about its functions derives from triggering CD99 on hematopoietic cells by
agonistic monoclonal antibodies (MAb). In normal cells, ligation of CD99 has
been functionally implicated in cell adhesion and homotypic aggregation, apop-
tosis, cell migration, Th1 cell differentiation, activation and proliferation of
mature T cells and upregulation and transport of several transmembrane pro-
teins.47,52–57 In pathological conditions, a role for CD99 has been indicated in
Ewing’s sarcoma cells where it delivers cell–cell adhesion and apoptotic sig-
nals,58–60 whereas very little is known about the biological significance of CD99
expression in other malignancies. In Ewing’s sarcoma, the engagement of CD99
induces massive apoptosis through caspase-independent mechanisms. The intra-
cellular signaling pathway associated to CD99 is still poorly defined, but cer-
tainly involves actin polimerization. Findings obtained with selective inhibitors
indicated that only actin cytoskeleton integrity was essential for cell–cell adhe-
sion and apoptosis of Ewing’s sarcoma cells. Indeed, CD99 stimulation induced
actin repolymerization likely through zyxin, a cytoplasmic adherens junction
protein found to play a role in the regulation of the actin cytoskeleton and to act
as a shuttle protein for communications to nuclear compartment.61 Over-expres-
sion of zyxin after CD99 ligation was confirmed by real time PCR and western
blot. Treatment of Ewing’s sarcoma cells with zyxin antisense oligonucleotides
inhibited CD99-induced cell aggregation and apoptosis, suggesting a functional
role for this protein. Thus, actin and zyxin appear as early signaling events
driven by CD99 engagement. Downstream effectors remain, however, to be
determined. Their identification may have relevant clinical consequences since
they are likely more common targets than CD99 and being involved in apoptotic
pathways they may attract the companies interest. Ewing’s sarcoma is an orphan
disease and no private company will develop new therapeutic tools.
Understanding apoptosis regulatory events occurring within Ewing’s sarcoma
cells may reveal molecular targets of general interest or for which drugs are
already available and this may make the difference for translating experimental
evidences in clinical practice.

Due to its effects on apoptosis, CD99 triggering by agonistic MAbs has an
obvious therapeutic interest. We explored the preclinical effectiveness of com-
bined treatments with the anti-CD99 0662 MAb and DXR. Simultaneous
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administration of the drugs or the use of the anti-CD99 MAb before DXR
induced synergistic in vitro growth-inhibitory effects. In athymic mice, the com-
bination of the two agents was remarkably effective against local growth and
metastases. Accordingly, a significant increase in the survival of mice was
observed. Systemic delivery of the anti-CD99 0662 MAb significantly reduced
the number of lung and bone metastases and increased the time of their appear-
ance. Combined treatments completely abrogate the metastatic ability of TC-71
cells. Thus, the anti-CD99 0662 MAb could be a useful adjuvant to cytotoxic
chemotherapy for the treatment of Ewing’s sarcoma patients. Toxic effects
appear to be minimal in the animals. We also explored possible toxic effects of
anti-CD99 MAb against human blood cell precursors because CD99 is highly
expressed on many hematopoietic cell types, including CD34-positive cells46 and
its engagement is able to induce apoptosis of double positive T lymphocytes.47

The in vitro analysis of growth of the different blood cell populations after expo-
sure of CD34+ cells to a dose of anti-CD99 MAb that is effective against Ewing’s
sarcoma cells excluded an important toxic effect at bone marrow level, further
supporting the use of anti-CD99 MAb in the therapy of Ewing’s sarcoma.

In conclusion, we provide evidence for the preclinical effectiveness of com-
bined treatments with anti-CD99 MAb and DXR against Ewing’s sarcoma local
tumors and distal metastases in athymic mice and, by assessing the potential
toxicity of anti-CD99-based therapies against normal bone marrow precursors,
we offer the necessary rationale for the application of a tailored therapy with
high clinical potentialities that could be advantageously used in association with
conventional agents.
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CHAPTER 3

THE CCN3 PROTEIN AND CANCER

BERNARD PERBAL

Laboratoire d’Oncologie Virale et Moléculaire, UFR de Biochimie, Université Paris 7 D. Diderot,
Case 7048 – 2 Place Jussieu – 75,005 Paris, France

Abstract: A new family of cell growth and differentiation regulators has emerged in the past
decade. These signaling proteins grouped under the CCN acronym, participate to
fundamental biological functions, during normal development and in adulthood,
from birth to death. Disregulation of their expression has been associated to
tumorigenesis. Even though part of their physiological properties may be related to
their capacity to bind several integrins, the CCN protein also interact with several
other receptors and ligands that play critical roles in the regulation of cell signaling
and communication. The multimodular structure of the CCN proteins provides the
ground for the myriad of roles in which they participate, but it remains a challenge to
those who wish to decipher the structure–function relationship that govern their
multifunctional properties. The recent discovery of CCN variants whose expression is
associated to the development of cancer raises fascinating questions regarding their
role in the establishment and maintenance of the tumor state.

Identifying the pathways in which the CCN proteins act and establishing the role of
these proteins in intercellular communication will constitute new promising avenues
among the trends for 21st century in cancer research.

1. INTRODUCTION

The CCN acronym stands for a group of genes whose three founding members
were isolated in the 1990s and were designated Cyr61, Ctgf, and Nov. Later,
other proteins named ELM-1/WISP-1, rCop-1/WISP-2/CTGF-L, and WISP-3
were reported to share structural identity with CTGF, CYR61, and NOV [1–4].
The CCN family of genes presently consists of six members (Figure 3.1) and a
unifying nomenclature was recently proposed for the CCN family [5], number-
ing the proteins CCN1–CCN6 in the order in which they were first described in
the literature.

With the exception of CCN5, which lacks the CT module, all CCN proteins,
share a common multimodular organization (Figure 3.2) with four structural
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modules (IGFBP, VWC, TSP1, and CT) resembling insulin-like growth factor
binding proteins, Von Willebrand factor, thrombospondin 1, and a series of
matricellular proteins and growth factors that contain a cystin knot motif. The
high degree of structural identity and the conservation of 38 cystein residues in
all CCN proteins but CCN5, suggested that they might play similar or redun-
dant functions. However, the bulk of data that has been obtained in the recent
years have challenged this view.
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2. BIOLOGICAL FUNCTIONS OF CCN PROTEINS: A BRIEF
OVERVIEW

The CCN proteins are now defined as a novel family of growth and differentia-
tion regulators acting on a large variety of cell types (see recent reviews in [6]).
Despite their similar structure, they show significant functional divergence and
their biological functions are highly dependent upon the type of cells and the
cellular context. Their multiple interactions with a variety of regulatory mole-
cules [3,7,8] may account for the different functions attributed to CCN proteins.

During the embryonic life, the CCN proteins are expressed in derivatives of
the three embryonic sheets: (1) ectoderm; (2) mesoderm; and (3) endoderm and
they are implicated in the development of different tissues such as kidney, nerv-
ous system, muscle, bone marrow, cartilage, and bone [3].

The CCN proteins are known to participate during adulthood, in various bio-
logical processes including normal growth and development, angiogenesis,
wound healing, tissue regeneration and uterine function, fibrosis in various tis-
sues/organs, and inflammation such as arthritis and tumor growth [1–4, 8–11].
In the developing human embryo, the major site of expression for ccn3 is the
nervous system, followed by the adrenal cortex. The urogenital system and
smooth and striated muscles also express significant amount of ccn3 [3]. There
are several documented examples showing that the expression of ccn3 is associ-
ated with differentiation of cartilage, muscle, kidney, and brain in normal
situations [3].

The multiple biological functions of the CCN proteins are exerted through
various signaling pathways (Figure 3.3) involving cell surface receptors such as
integrins [2,11], 240-kDa protein [12,4], LRPs [13–15], Notch [16], as well as
connexins [17,18] and calcium channels [19]. The regulation of intracellular cal-
cium concentration by CCN3 and CCN2 has established these proteins as gen-
uine signaling factors. CCN proteins have been proposed to participate in the
formation of multifunctional regulatory complexes and to coordinate signaling
pathways governing intracellular and intercellular communication required for
the efficient control of cell growth and differentiation [20].

The existence of four potentially functional domains in these proteins raised
fundamental questions about their contribution to the various biological prop-
erties of the CCN proteins. Although very little is known about the biological
activities of individual domains, it is currently accepted that each of the four
modules acts both independently and interdependently. The multimodular
structure of the CCN proteins provides the basis for a wide range of interactions
with different partners and a support for the variety of signaling pathways in
which CCN proteins are acting.

Conflicting results have been obtained regarding the ability of Module I to
bind IGF. Affinity-labeling studies suggested a weak IGF-binding affinity for
CCN2 and CCN3 [21,22], whereas ligand-blotting experiments did not permit
to confirm binding [23]. Recently, a chimearic protein has been constructed in
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which the aminoterminal domain of IGFBP-3 was substituted with the
aminoterminal domain of CCN3. The CCN3-IGFBP-3 chimeara bound IGFs
and inhibited IGF activity very weakly, similar to CCN3 itself (Yan et al., sub-
mitted for publication). Therefore, module I cannot replace the aminoterminal
domain of IGFBP-3 in its IGF-binding function. However, preliminary obser-
vations suggest that this domain participate to binding-independent IGF
signaling.

The second module of CCN2 was reported to bind BMP4 [24] and TGFbeta.
Both modules 2 and 3 interact with various types of integrins. The interaction
of CCN proteins with integrins being cell- and context-dependent. Module 3
itself binds LRP-1.

The CT module binds heparin sulphate proteoglycans (HSPGs) [25–27], and
contains heparin-binding sequences and is sufficient to promote cell growth.
The use of yeast two hybrid system and immunoprecipitation performed with
specific antibodies raised against CCN3 permitted to establish that the CT mod-
ule is also involved in the interaction of CCN3 with fibulin-1C, connexins, and
notch1 [3]. Since module 4 is critical for the interaction of CCN proteins with
their partners, one can predict that CCN5, which is lacking this module, should
behave as a competitor for binding and modulator of CCN biological activities.
This possibility is presently under current investigation.
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3. CCN3 EXPRESSION IN TUMORS

At a cellular level, CCN proteins are involved in the control of adhesion, migra-
tion, proliferation, and survival, which are basic biological features that are
known to be altered in cancer cells.

For example, CCN1, CCN2, CCN3, and CCN5 were found to support the
adhesion of normal cells from various origins, such as fibroblasts, epithelial
cells, stellate cells, platelets and monocytes, endothelial cells, and smooth mus-
cle cells. The adhesion of these cells is directed by the interaction of CCN pro-
teins with the various integrins expressed at the cell surface [6].

Differential responses are observed with respect to cell migration, prolifera-
tion, and survival. Whereas CCN1, CCN2, and CCN3 stimulate the migration
of normal fibroblasts, vascular endothelial cells, vascular smooth muscle cells,
and mesangial cells, CCN4 and CCN5 show inhibitory effects. The effects on
cell proliferation are dependent upon the coordinate action of growth factors
whose action is enhanced by the CCN proteins. From studies performed with
both normal and tumor cells, it appears that CCN proteins show both pro- and
antiapoptotic activities, with differential effects on cell survival.

The implication of CCN3 in the regulation of cell proliferation and differen-
tiation stems from early studies that established this protein as a potential proto-
oncogene with antiproliferative activity [28].

The analysis of avian nephroblastomas induced by myeloblastosis associated
virus type 1 (MAV-1) [29,30] led to the identification of ccn3 as an integration
site for MAV-1 in these tumors, which represent a unique model of the Wilms
tumor [31]. The ccn3 gene was first cloned from normal chicken embryo fibrob-
lasts (CEF), and later from mouse and human. The xenopus and rat orthologs
were isolated later (for review see [3]). The chicken ccn3 gene shows the typical
CCN organization, with five exons that encode from the 5′ to the 3′ end, a sig-
nal peptide, and the four prototypic structural domains that constitute the CCN
proteins (Figure 3.4). Upon integration of the MAV proviral genome in the ccn3
gene, a chimearic mRNA containing 91 nucleotides of viral origin at the 5′ end
was highly expressed in the tumor cells. As a result of MAV LTR integration
within exon 2 of ccn3, the resulting 252 aminoacid proteins encoded by this
mRNA was lacking the signal peptide and part of the IGFBP domain. The first
ATG contained in this chimearic mRNA is localized at the beginning of exon 3.

Two main consequences can be foreseen as the result of ccn3 disruption by
MAV: (1) the CCN3 protein expressed in these conditions is lacking the IGFBP
domain and (2) the absence of signal peptide is expected to alter the fate of the
protein.

By Northern hybridization, we could show that all avian nephroblastomas
expressed high levels of ccn3 RNA as compared with the levels of message
detected in normal kidney tissue of the same age (Figure 3.5). Interestingly, the
levels of ccn3 were relatively high in the developing kidney tissue. We originally
designated this gene nov for nephroblastoma overexpressed [28,31].
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In the light of the antiproliferative activity of CCN3 (see below) the overex-
pression of ccn3 in all avian nephroblastomas may appear parodoxical.
However, two lines of evidence indicated that the involvement of ccn3 in kidney
development might account for these observations. Firstly, studies performed
with the avian system identified the blastemal cells committed to differentiation
as targets for MAV-1, and established that ccn3 is not a common integration site
for MAV in these tumors [32]. Secondly, the analysis of ccn3 expression in sam-
ples representing the whole panel of Wilms tumors established that ccn3 is not
always overexpressed in these tumors, even though the levels of mRNA and pro-
teins were altered in the tumors. These results indicated that in both systems,
blastemal cells expressed high levels of ccn3 and that the quantities of CCN3
RNA and protein detected in the tumors were somehow related to the level of
heterotypic differentiation in these tumors. More importantly, these results also
indicated that the high expression of ccn3 detected in avian nephroblastomas
was the result of a tumor-induced expansion of target blastemal cells that
already express high levels of ccn3.

Recent results obtained with a MAV2 strain failed to detect any overexpres-
sion of ccn3 in the MAV2-induced nephroblastomas [33], an observation
suggesting that either the type of viral strain or the route of injection used, or
both can influence the outcome of the tumor cells.

In any case, these observations indicated that high expression of CCN3 may
be restricted to certain types of nephroblastomas and led to the conclusion that
the nov acronym being misleading it is preferable to use the new CCN nomen-
clature [5].

Because several examples of proviral insertional mutagenesis have been
reported in the past, we have examined the biological activities of the full length
CCN3 protein which was expressed in most tumors and of the truncated vari-
ant highly expressed in one of the tumors. As a first step in this approach, we
have made use of the RCAS retroviral expression system, which is derived from
RSV. When the recombinant viral strain expressing the full length ccn3 is used
to infect CEFs, cells stop growing and detach (Figure 3.6) whereas infection of
CEF with a retroviral construct expressing the aminotruncated CCN3 protein
leads to morphological transformation (Figure 3.7). In the former case, the pro-
tein is normally secreted, while in the latter, the protein is not secreted.
Therefore, we could draw two conclusions from these experiments: (1) the full
length secreted protein showed potential growth inhibitory functions, (2) the
truncation of the CCN3 resulted in a transforming capacity that might be
revealed by the modification of addressing anticipated from the lack of signal
peptide in the truncated protein.

To check whether the properties that we assigned to both forms were applying
to a more general situation, we have first studied the effects of CCN3 on cell
growth both in a wider context. We have also conducted studies aimed at iden-
tifying the molecular basis for the transforming potential of the aminotruncated
CCN3 variant.
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Figure 3.7. Morphological transformation induced by truncated CCN3. The coding sequence of the
aminotruncated CCN3 protein expressed in nephroblastoma cells has been cloned in the RCAS vec-
tor. Upon infection of chicken embryo fibroblasts with the recombinant virus expressing the
aminotruncated CCN3 protein, transformation foci are observed. In these conditions, the CCN3
protein lacking the signal peptide is not secreted.



4. ANTIPROLIFERATIVE ACTIVITY OF THE FULL LENGTH CCN3

In order to study the effects of CCN3 on cell proliferation we prepared a series
of expression vectors in which the human full length ccn3 cDNA was inserted
downstream to a pCMV promoter sequence, either in the sense or antisense
orientation. These vectors were used to isolate stably transfected cells after
G418, or blasticidin selection.

Since we had previously shown that in freshly explanted glioblastoma cells the
level of CCN3 mRNA expression is inversely related to their tumorigenic poten-
tial, we used this system to assess the potential antiproliferative activity of ccn3.
As previously reported [34] the expression of ccn3 in glioma cells resulted in a
marked decrease in their growth rate (Figure 3.8). The inhibitory effect that
resulted from ccn3 expression was increasing with time, therefore suggesting
that larger quantities of CCN3 protein are produced in confluent cell cultures
(Bleau et al., submitted for publication). A similar inhibition of cell growth was
observed when the ccn3 expression vector was used to isolate stable transfec-
tants derived from choriocarcinoma, Ewing’s tumor cells [17,35]. More recently,
results have been obtained that extend the negative effects of CCN3 to chronic
myeloid leukemia cells and to normal cells of various origin (Fukanaga et al.,
submitted for publication; Buteau et al., submitted for publication; Bleau et al.,
submitted for publication).

To confirm that the effects observed did not result from the integration of the
plasmid DNA in a particular area of the recipient genome, but were indeed due
to the CCN3 protein, we used two different approaches. In the first one, we
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constructed vectors in which the expression of CCN3 was driven by an inducible
promoter. This vector was used to transfect Ewing’s sarcoma cells. The results
obtained clearly indicated that the reduction of proliferation was observed only
when the CCN3 protein expression was induced [35]. In the second approach,
we made use of exogenous protein. The addition of either CCN3 protein puri-
fied from cell culture medium or recombinant GST-CCN3 protein produced in
a bacterial system, also resulted in a marked decrease of cell proliferation. In
some cases, the effects obtained with purified exogenous CCN3 proteins were
even greater than those observed in transfection (Bleau et al., submitted for pub-
lication). A practical consequence of the growth inhibitory effects of CCN3 is
that continuous passage of ccn3-transfected cells tends to eliminate cells that
produce or select cells that produce lower levels.

Another consequence of ccn3 expression in tumor cells was exemplified by a
dramatic reduction of the tumorigenic potential of transfected cells when
assayed after injection in nude mice (Figure 3.9). In the case of Ewing’s sar-
coma, choriocarcinoma and glioblastoma cells, the expression of ccn3 did not
permit the tumor cells to expand and give rise to large tumors. Only abortive
growth was observed. In the case of glioblastomas, a decrease in the vascular-
ization of the growing tumor was proposed to account for the inhibitory effect
of CCN3 [34], even though this protein was shown to act as a proangiogenic fac-
tor when tested in a rat corneal micropocket implant assay [36]. It is interesting
to point out that in all three cases, the implantation of tumor cells did not seem
to be affected as much as their ability to expand.

Altogether, these results suggested that the CCN3 protein is devoted of anti-
proliferative activity and may interfere with tumor growth, i.e., acts as a tumor
suppressor.
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In support of this conclusion, an elevated level of ccn3 expression was
detected in tumors with favorable outcome and tumors showing a high degree
of differentiation. However, in a few other cases, including Ewing’s sarcoma
cells, the expression of ccn3 was associated with a higher proliferative rate or
bad prognostic (Figure 3.10).

In a study performed on a group of 45 patients, it was shown that CCN3
expression was associated with a higher risk of developing metastasis [35].
Indeed, none of the 15 patients whose primary tumor as negative for CCN3
developed metastasis after 10 years time. On the contrary, 50% of the patients
who developed either lung or bone metastasis were shown to have primary
tumors positive for CCN3 (Figure 3.11). In addition the expression of CCN3 in
Ewing’s tumor cells was conferring on Ewing’s transfected cells the capacity to
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better migrate and invade matrigel [35]. For example, the increase of migratory
capacity of ccn3-transfected Ewing’s sarcoma cells was proportional to the
amount of CCN3 expressed in cells (Figure 3.12).

Thus, it appears that CCN3 may act as a double edge sword in this system, on
one hand, increasing the capacity of cells to invade and give rise to metastasis,
and on the other hand decreasing their proliferation and tumorigenic potential.
Although we do not have definitive explanation for these effects that may seem
contradictory, we believe that these results allow to disconnect two sets of
parameters that have been intuitively associated in the past. Ongoing experi-
ments should permit to elucidate the relationships and contradictions that may
exist between these two phenotypes.

It is interesting to point out that this situation is not restricted to the case of
Ewing’s cells since the expression of ccn3 is also associated to a higher metasta-
tic potential in other tumors (unpublished results).

5. CCN3 PROTEINS

The use of a specific antibody (K19M) raised against a peptide contained in the
C-terminal domain of CCN3 permitted us to detect CCN3-related proteins in
different cellular compartments. As shown in Figure 3.13, when cells are
untreated the staining for CCN3 is detected at the cell membrane and when cells
are permeabilized, cytoplasmic staining is observed [37]. Following a gentle
scraping off the cells that were attached on the plate, it is possible to detect the
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CCN3 protein in the form of a footprint indicating that CCN3 was indeed
released in the extracellular matrix. The CCN3 protein is also detected in the cell
culture supernatant as shown by western blotting analysis of conditioned
medium. Similar observations were made for CCN1 and CCN2, which were
detected both in the culture medium and at the cell surface [26,38].

Depending upon the amount of protein expressed by the cells, the detection
of CCN3 can be performed either directly or after enrichment by affinity chro-
matography through heparin sepharose [23]. In the case of glioblastoma-trans-
fected cells and adrenocarcinoma cells, the full length secreted CCN3 was
detected as a doublet resulting from posttranslational modifications occurring
soon after synthesis. In addition to this doublet of 50 kDa apparent molecular
weight, an additional doublet was detected with an molecular weight of 32 kDa.
Interestingly, CCN3 proteins with the same size were detected within the cellu-
lar lysates prepared from either ccn3-transfected glioma cells or adrenocarci-
noma cells that produce CCN3 naturally (Figure 3.14).

Since truncated CCN proteins were also detected in several cases, the produc-
tion of such variants raise fundamental questions regarding their potential bio-
logical functions.

It has been reported for several years that bioactive 10–20 kDa truncated vari-
ants containing different combinations of C-terminal modules are generated in
utero through limited proteolysis of the full length CCN2 protein [39,40].
Inasmuch as these fragments were able to induce DNA synthesis and possessed
heparin binging activities, one can expect that they might enhance or counteract
the functions of the parental full length protein. Along this line, it is striking
that the amount of CCN2-truncated variants is dependent upon progression in
the uterine cycle.

At the same time, a truncated CCN3 isoform was identified in cell culture
medium of insect cells infected with a ccn3-recombinant baculovirus. Quite
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interestingly, the CCN3-truncated form that is recovered from this cell culture
supernatant shows the same aminoterminus as one of the CCN2 variants iden-
tified in pig uterine fluids, in spite of the slight differences in the primary
sequences of these two proteins at the junction of domain 2 and 3. These obser-
vations therefore indicated that the proteolytic process that is involved in gener-
ating the two truncated forms is conserved and common to CCN2 and CCN3.

A 30 kDa aminotruncated CCN3 was also identified in the nucleus of two
cancer cell lines that stained positive for CCN3 in immunofluorescence experi-
ments using two different specific antibodies [3]. These observations raised the
possibility that posttranslational processing of the full length CCN3 protein
might produce shorter variants that would be addressed to the nucleus and
raised several questions regarding (1) the mechanisms involved in nuclear
addressing of the truncated proteins; (2) the biological activities of these vari-
ants; and (3) the process controlling this posttranslational processing.

The detection of aminotruncated CCN3 proteins in cancer cells was reminis-
cent of the situation encountered in the case of the MAV insertional mutagene-
sis that resulted in the production of a transforming aminotruncated CCN3
variant (see above).

Therefore, we hypothesized that the production of CCN3 with different sub-
cellular localizations might be dependent upon the physiological state of the
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cells and that the mechanisms involved in the partition of these variants might
be altered in cancer cells.

6. NUCLEAR ADDRESSING OF THE AMINOTRUNCATED
CCN3 PROTEINS

The detection of nuclear CCN3-related proteins by immunofluorescence and the
identification of a 30 kDa aminotrunctaed CCN3 variant in the nucleus of sev-
eral cancer cells raised the possibility that the transforming activity of the MAV-
truncated CCN3 protein might result from addressing to another cellular
compartment and that aminotruncated variants generated by either genetic alter-
ations or posttranslational processing might also show oncogenic properties.

In order to address this question, a series of plasmids were constructed in
which various tags (GFP, myc, and 6HIS) have been added either at the car-
boxy- or at the amino-terminal end of ccn3 coding sequences representing dif-
ferent combinations of exons. These clones were engineered to produce proteins
deprived of a signal peptide, in order to recapitulate the situation that was
encountered in the case of MAV-induced disruption of CCN3.

The results that were obtained [41] indicated that the CCN3 variants lacking
a signal peptide were addressed to the nucleus where they can repress transcrip-
tion of a reporter gene. Considering that the expression of such a truncated
CCN3 variant induced morphological transformation of CEFs , these observa-
tions suggested that repression of transcription might apply to genes with an
antiproliferative activity.

Although preliminary attempts failed to identify specific targets for CCN3,
nuclear addressing of the truncated forms is in agreement with previous reports
which documented the binding of CCN3 CT domain to the PAI2 promoter, the
interaction of CCN3 with subunit 7 of RNA polymerase II and the colocaliza-
tion of CCN3 with the ICP4 protein in HSV1-infected cells (reviewed in [3]).

The uptake and intracellular transport of the CCN2 protein has also been
reported and was suggested to play a role in the regulation of transcription [42].

The situation that we report for CCN proteins adds to the large number of
secreted regulatory proteins among which FGF2, lactoferrin, epidermal growth
factor, and IGFBP-3 that were detected in the nucleus and directly regulate tran-
scription after internalization.

In this context, we proposed a model (Figure 3.15) in which the dual effect of
CCN3 on proliferation is dependent upon the relative amount of secreted and
intracellular isoforms. In the normal situation, the full length secreted CCN3 acts
negatively on cell proliferation through its interactions with various receptors and
ligands. In this conditions, the amount of truncated protein produced by post-
translational processing at internalization is antagonizing the inhibitory effects of
CCN3 and can be used to trigger proliferation when needed. When the balance
between full length and amino truncated CCN3 variants is disrupted, either at the
level of posttranslational processing or through the abnormal production of a
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truncated form (i.e., by viral insertion or any other genetic event), cells would
respond to the constant positive effects of nuclear CCN3, a situation that provides
the ground for the occurrence of further tumorigenic events.

A challenging question is to know whether this dual activity is also a feature
of other CCN proteins for which variants have been described but are ignored
by those who limit their attention to the properties of the secreted forms. The
history of sciences is full of discoveries that have challenged our views and we
should keep in mind these words from the Greek philosopher Heraclite: «the
one who is seeking the Truth should be prepared to the unexpected, because it
is difficult to find, and when one face it, it is often disconcerting.»
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CHAPTER 4

EWS-FLI1 IN EWING’S SARCOMA: REAL TARGETS 
AND COLLATERAL DAMAGE

JOZEF BAN, CHRISTINE SILIGAN, MICHAEL KREPPEL,
DAVE ARYEE, AND HEINRICH KOVAR

Children’s Cancer Research Institute, Kinderspitalgasse 9, A1190 Vienna, Austria

Abstract: Ewing’s sarcoma family of tumors (ESFT) are a clinically and scientifically very
demanding group of tumors in children and young adults with still unknown
histogenesis. The rate-limiting oncogenic mutation in this disease has been identified
as a chromosomal translocation, t(11;22)(q24;q12), that leads to the expression of a
chimeric transcription factor, EWS-FLI1. We have studied the downstream pathway
of EWS-FLI1 by a dual strategy including the isolation of direct target genes from
ESFT chromatin and the monitoring of transcriptomic changes after silencing of
EWS-FLI1 by RNA interference. This study has lead to the identification of several
directly EWS-FLI1-regulated genes and the characterization of their genomic
distribution. By comparing several ESFT cell lines, not only variation in overall gene
expression patterns downstream of EWS-FLI1 was observed, but also differential
regulation of directly EWS-FLI1-bound genes. Interestingly, there was variation
between members of the same functional gene families. Studies on CD99, another
diagnostic hallmark of ESFT, in relation to EWS-FLI1 provided additional evidence
for context dependence of fusion protein function. Together, our study represents a
first approach to the separation of essential molecular consequences from noise
generated by the EWS-FLI1 gene rearrangement in ESFT.

1. THE EWING’S SARCOMA FAMILY OF TUMORS: AN ENIGMA

Ewing’s sarcoma (ES) is a challenging disease in many aspects. Although it pre-
dominantly arises in bone, there is no evidence for an osteoblastic histogenesis.
It affects mainly children in puberty and young adults with a slight male pre-
ponderance but, so far, nothing is known about a hormonal component in the
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development of the disease. In the prechemotherapy era with surgery alone,
almost all patients died from recurrence at distant sites due to a generally high
metastatic potential of ES. Two thirds of patients present with localized disease
and, with current multimodal treatment regimens, 60% of them can be made
long-term survivors. In contrast, patients with clinically overt metastases at
diagnosis have a dismal prognosis (<20% survival), which has almost not
changed over the last 30 years. Thus, there appears to be an intrinsic biological
difference between these two patient groups, which remains to be defined. In
addition, the proportion of patients with localized but treatment-resistant dis-
ease has only slightly decreased over the last two decades, but significant
progress has been achieved with respect to the prolongation of life in this group
of patients. Consequently, while the number of early relapses has been success-
fully reduced in this cohort, an increasing number of late recurrences is
observed, sometimes more than 5 or even 10 years after completion of therapy.
However, despite strong efforts to identify prognostic markers for patients with
localized disease, we are still unable to predict the course of the disease with
confidence, and the nature of dormant tumor cells giving rise to late relapse is
completely unknown.

Pathologists used to distinguish between less differentiated ES and peripheral
primitive neuroectodermal tumor (pPNET) based on the absence or presence of
scarce neuroglial marker expression, until the discovery in the early 1990s of two
molecular traits common to both tumors; high CD99 expression1 and a recur-
rent, highly specific gene rearrangement, EWS-FLI1 or a related gene fusion.2

Based on these common characteristics and since there appears to be no clinical
difference between ES and pPNET with modern treatment protocols, they have
been combined to form the ESFT.

2. EWS-FLI1, A CHIMERIC TRANSCRIPTION FACTOR 
WITH TISSUE-SPECIFIC TARGETS

The EWS gene aberration results from chromosomal translocation and comes
in several flavors. 85% of ESFT show EWS rearrangements with FLI1 with
a high degree of genomic breakpoint variation resulting in the expression of
chimeric EWS-FLI1 proteins with variable architecture. In the remaining cases
of ESFT, FLI1 is replaced by other members of the same gene family, all of
them encoding ETS transcription factors, ERG in 10%, E1AF, ETV1, and FEV
in less than 1% of cases, each.

The ES gene EWS encodes for an RNA polymerase II and, presumably,
spliceosome-associated RNA-binding protein of largely unknown function. In
the ESFT associated gene rearrangements, the COOH-terminal RNA-binding
domain is replaced by the ETS transcription factor-derived DNA-binding
domain, and early experimental data indicated that the resulting fusion protein



has potent transcription factor activity itself.3,4 It binds to GGAA/T consensus
sequences through its ETS DNA-binding domain and, in vitro, drives reporter
gene activity by the EWS NH2-terminal domain. In response to ectopic EWS-
FLI1 expression in mammalian cells, however, approximately equal numbers of
genes are found to be repressed as activated.5 Transcriptional repression by
EWS-FLI1 cannot solely be attributed to indirect effects, since the TGFbRII
promoter, e.g., has been convincingly demonstrated to be directly bound and
suppressed by the fusion protein.6 The mechanism of transcriptional suppres-
sion by EWS-ETS proteins, however, remains elusive.

In the classical NIH3T3 transformation assay, EWS-FLI1 is capable of
inducing surface-independent growth7 and, when transformed cells are trans-
ferred into nude mice, of giving rise to tumors with a small-cell morphology
somehow resembling ES.8 The tight association between EWS-ETS gene
rearrangements and ESFT, and the potent oncogenic activity of the chimeric
transcription factor EWS-FLI1 have led to the conclusion that the pathogenic
properties of this protein are largely the consequence of altered transcription of
EWS-FLI1 target genes. In order to identify these genes, several investigators
have stably or inducibly expressed EWS-FLI1 in different cellular models and
analysed associated changes in gene expression profiles. However, dependent on
the model used, ectopic EWS-FLI1 elicited heterogeneous cellular responses
ranging from cell cycle arrest or cell death, which was observed in the majority
of primary cells, to transformation, and from blocked differentiation potential
to trans-differentiation.9,5,10,11,12 Consequently, the EWS-FLI1 imprint on the
cells’ transcriptomes varied between the models.13 Several potential target genes
have been isolated, mainly from murine cells, however, ESFT specific expression
could not be confirmed but in rare cases.14 These results may indicate that EWS-
FLI1 function is cell type-specific and combinatorial.15

Since the tissue of origin for ESFT development is unknown, the second best
choice to study EWS-FLI1 function in its authentic cellular context remains
ESFT cells. Modern RNA interference-based technologies enable silencing of
the fusion gene to study the consequences for ESFT cell biology and several
studies have recently identified pathway components downstream of EWS-FLI1
in ESFT cell lines.16,17,18

3. IDENTIFYING A FUNCTIONAL HIERARCHY IN 
EWS-FLI1 ACTIVITY

So far, two methods of EWS-FLI1 silencing have been used: (1) transient trans-
fection of synthetic small interfering (si)RNA and (2) stable expression of small
hairpin (sh)RNA. Both approaches require incubation of cells with the silencing
vector for a minimal period of at least 48 h and, therefore, do not allow to iden-
tify immediate early changes in gene expression associated with EWS-FLI1
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knockdown. Thus, differential gene expression patterns between control and
si/shRNA-transfected cells reflect intermediate endpoints characterizing the
global consequences of switching off EWS-FLI1 in ESFT cells, but do not allow
for discrimination between direct EWS-FLI1 targets and transcriptional conse-
quences further downstream. In addition, EWS-FLI silencing results in growth
arrest17 and even cell death of ESFT cell lines,16 as has also been demonstrated in
earlier studies using antisense strategies,19,20,21 making it difficult to discern
between causes and consequences of cellular fate and altered gene
expression profiles. Like with forced EWS-FLI1 expression in heterologous sys-
tems, silencing of EWS-FLI1 in ESFT cells results in the altered expression of
hundreds of genes and it remains to be defined which of them are essential for
tumorigenesis and which might be considered as “collateral damage”.

As a first approach to solve this problem, we have established a dual target
gene identification strategy (Figure 4.1). Using EWS-FLI1 specific antibodies,
chromatin complexes containing endogenous EWS-FLI1 were isolated from
cultured ESFT cells after chemical cross-linking, and genomic DNA bound to

44 CHAPTER 4

EWS-FLM EWS-FLM

EWS-FLM

RNAi

Ewing tumor cell

Antibody

BLAT search

Direct targets

Indirect targets

Gene expression profiling

ChlP

Figure 4.1. Strategy for the isolation of direct EWS-FLI1 target genes. Three different ESFT cell
lines were treated with EWS-FLI1-specific shRNA expression vectors and subjected to comparative
Affymetrix GeneChip-based gene expression analysis (left branch). Concomitantly, after chemical
cross-linking, chromatin complexes were isolated from cultured ESFT cells using EWS- and FLI1-
specific antibodies, genomic DNA was recovered from precipitates, directly cloned and sequenced,
and assigned to the respective genomic regions from which they were derived by BLAST search
(right branch). The expression of genes isolated by the chromatin precipitation approach was tested
on Affymetrix arrays before and after EWS-FLI1 silencing to identify directly EWS-FLI1-regulated
genes.17



the fusion protein was directly cloned. The expression of genes from which the
identified directly EWS-FLI1-binding sequences were derived was then tested
in several ESFT cell lines upon shRNA-mediated silencing of EWS-FLI1. The
chromatin immunoprecipitation (ChIP) approach resulted in almost 40%
gene-derived genomic sequences when EWS- and FLI1-specific antibodies
were used as compared with about 10–20% in no antibody or irrelevant con-
trols reminiscent of random precipitation (Figure 4.2). This twofold enrich-
ment indicated that at least half of the genes precipitating with specific
antibodies most likely represent true EWS-FLI1 targets. A total of 99 genes
were identified among the cloned genomic fragments of which 33 were sub-
jected to altered expression when EWS-FLI1 was silenced in the ESFT cell line
from which they were derived.17 Since only nine genes were hit more than once,
we concluded that this list of putative direct EWS-FLI1 target genes was far
from being complete.
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Figure 4.2. Chromatin immunoprecipitation results from the ESFT cell line STA-ET-7.2. The num-
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are indicated for precipitations performed with no antibody, an irrelevant antibody, and with EWS-
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EWS-FLI1-specific genes, functional annotations are separately shown.



4. LESSONS FROM THE COMBINED ChIP/shRNA STUDY OF
DIRECT EWS-FLI1 TARGET GENES

Despite the only twofold enrichment in gene hits among ChIP clones when
EWS- and FLI1-specific antibodies were used as compared with controls, sev-
eral nonrandom observations support the specificity of our results: (1) there was
a clear enrichment for genomic fragments from the upstream regions and,
importantly, the first two introns of the cloned genes. Such a distribution is rem-
iniscent of other transcription factors like p53. (2) The identified genes were not
evenly distributed over the chromosomes but tended to cluster in certain
genomic regions (specifically on chromosomes 3q and 9q) while intergenic
clones followed a random distribution (Figure 4.3). Interestingly, there was also
an overrepresentation of gene-derived ChIP clones from chromosome 8, which
is frequently trisomic in ESFT, potentially contributing to increased gene dosage
of EWS-FLI1 target genes. (3) With respect to a potential role of EWS-FLI1 in
differentiation, it is noteworthy that more than 20% of genes identified by the
ChIP approach have been reported to play a role in either neural differentiation
or neural function. This finding supports results from EWS-FLI1 overexpres-
sion studies in NIH3T3 cells, human rhabdomyosarcoma, and neuroblastoma
cell lines, where the fusion protein imposes features of a cholinergic neural
expression pattern.22,11,12 Together, and parallel to normal FLI1 function in the
development of neural crest derived mesenchyme (reviewed in15), these data
suggest that the partial neural differentiation of at least some ESFT is the con-
sequence of the EWS gene rearrangement.

An important lesson for the biology of direct EWS-FLI1 target genes was
learned from the extent of change after EWS-FLI1 silencing. In Affymetrix
GeneChip analysis, approximately equal numbers of genes isolated from ESFT
chromatin by EWS-FLI1 specific immunoprecipitation were found to be sup-
pressed and activated, compatible with findings in heterologous EWS-FLI1
expression models. However, the majority of these putative directly EWS-FLI1-
regulated genes showed a less than twofold induction or repression and did,
therefore, not score among top EWS-FLI1-regulated genes on expression arrays.
In fact, many of them might have been missed by isolated differential gene
expression profiling since their level of change would have been considered
below threshold. In contrast, top regulated genes after EWS-FLI1 silencing
showed an up to 200-fold change in microarray analysis. Based on this finding,
we hypothesize that EWS-FLI1 causes only modest alterations in gene dosage
of several master regulatory genes, which, by a hierarchical signal amplification
mechanism, result in pronounced transcriptomic changes further downstream.

5. VARIABILITY IN EWS-FLI1 TARGET GENE EXPRESSION IN ESFT

A recent RNAi study in the ESFT cell line A673 described EWS-FLI1 binding
to and preferential induction of IGFBP3 and convincingly demonstrated its role
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Figure 4.3. Chromosomal assignments of genomic fragments obtained by EWS-FLI1-specifc chro-
matin immunoprecipitation. White bars: expected distribution for random precipitation; grey bars:
distribution obtained by precipitation of EWS-FLI1-containing chromatin complexes. (A)
Distribution of EWS-FLI1-specific clones from intergenic regions, which largely followed the
expected pattern of a random precipitation. (B) Distribution of EWS-FLI1-specific clones from
genes, which showed a nonrandom distribution.

in ESFT apoptosis.16 When studying several different ESFT cell lines with an
EWS-FLI1-directed shRNA approach, we observed that the sets of genes
affected by EWS-FLI1 suppression varied between cell lines. For IGFBP genes,
several different family members were found to respond to EWS-FLI1 suppres-
sion in a cell line-specific way (Figure 4.4). Similarly, cyclin-dependent kinase



inhibitor genes, which have previously been implicated in EWS-FLI1 func-
tion,23,24 CDKN1Cp57/KIP2 and CDKN1Ap21/WAF1, were found to be alternatively
activated in a cell line-dependent way. Interestingly, some genes from our ChIP-
cloning approach, which were either not expressed at all or which remained
unchanged when EWS-FLI1 was knocked down in the ESFT cell line, from
which they were isolated, were significantly affected by the treatment in other
ESFT cell lines. The NOTCH pathway gene HEY1, e.g., remained unexpressed
in STA-ET-7.2 cells, the cell line used for ChIP, and was only weakly expressed
in SK-N-MC, but was significantly induced upon EWS-FLI1 silencing in
TC252 cells. Compatible with the findings for IGFBP and CDKN1 family genes,
other members of the HEY gene family replaced HEY1 in ESFT cell lines
VH64, WE68, and STA-ET-1 (Ban et al., manuscript in preparation). Closely
related gene family members frequently serve similar functions but are expressed
in either a tissue- or stage-specific manner during differentiation. It is, therefore,
intriguing to speculate that ESFT originate from either different embryonal tis-
sues or, more likely, from one tissue hit by the tumorigenic EWS gene rearrange-
ment at different stages of differentiation. Further extending the panel of ESFT
cell lines in EWS-FLI1 suppression studies and investigation of other gene
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Figure 4.4. Suppression of EWS-FLI1 expression by RNA interference differentially affects the
expression of functionally related gene family members in a cell line dependent way. Three examples
are shown. (A) For the NOTCH pathway effector HEY1, Affymetrix gene expression values are
shown for three different ESFT cell lines. Despite of binding of EWS-FLI1 to this gene in STA-ET-
7.2 cells, it is neither expressed before nor after EWS-FLI1 silencing, while upon EWS-FLI1 knock-
down there is moderate expression in SK-N-MC and strong induction in TC252 cells. This induction
is also shown by RT-PCR. (B) For IGFBPs, relative induction upon EWS-FLI1 silencing is shown
for STA-ET-7.2, SK-N-MC, and TC252 cells and compared with published data for A673.16 (C) For
cyclin-dependent kinase inhibitor genes p21 (WAF1) and p57 (KIP2) differential induction upon
EWS-FLI1 silencing is shown for the cell lines STA-ET-7.2, SK-N-MC, TC252



families with developmentally regulated expression may uncover further biolog-
ical heterogeneity including correlations with ES and pPNET phenotypes and
possibly distinct clinical features.

6. COMMON PATHWAYS AFFECTED BY EWS-FLI1 IN ESFT

Pathway analysis of Affymetrix gene expression profiles in three ESFT cell lines
treated in five independent experiments with three different EWS-FLI1-specific
shRNAs revealed three major commonly affected pathways: (1) cell cycle regu-
lation by CMYC and cyclin D1; (2) replication licensing; and (3) TGFβ signal-
ing. With the exception of replication licensing, involvement of these pathways
in ESFT biology has already previously been described.3,23,25,26,27,6 Since CMYC
is well-known to alter the expression of a high proportion of the human
genome, its upregulation by EWS-FLI1, respectively its modulation by silencing
of EWS-FLI1, may, at least in part, account for the multitude of genes affected
by altered EWS-FLI1 expression. Are these three pathways sufficient to gener-
ate ESFT? Probably not. The majority of common EWS-FLI1 downstream
genes cannot be assigned to these pathways and do not form large functionally
related clusters. This is specifically true for the genes obtained by ChIP, which
serve a multitude of functions with no apparent relation to each other. It will be
a major challenge for the future to link these genes to downstream alterations in
gene expression profiles in order to establish a hierarchical map of aberrant gene
regulation initiated by the EWS-FLI1 fusion protein.

7. EWS-FLI1 AND CD99

The close association between the two diagnostic hallmarks of ESFT, the EWS-
gene rearrangement, and constitutive high CD99 expression, raises the question
whether the one is a consequence of the other. In fact, ectopic EWS-FLI1 expres-
sion in neuroblastoma and rhabdomyosarcoma cell lines has been shown to upreg-
ulate CD99 expression.22,12 Interestingly however, knocking down EWS-FLI1 in
several ESFT cell lines by RNA interference had no effect on the high CD99
expression level that is typical for ESFT (16and Ban et al., unpublished material).
Since, among normal tissues, the highest CD99 levels are found in hematopoietic
stem cells, CD99 positivity may be considered a hallmark of a stem cell-like ESFT
progenitor, and forcing EWS-FLI1 expression in unrelated embryonal tumors may
reactivate primitive stem cell features including CD99 expression. When testing pri-
mary ESFT samples on Affymetrix arrays, minor variability in high CD99 expres-
sion levels can be observed. Here, expression of the KCMF1 gene shows an inverse
correlation with CD99 RNA levels. Silencing of CD99 in several ESFT cell lines
resulted in consistent induction of KCMF128 while there was no influence on this
gene when EWS-FLI1 was switched-off, providing further evidence that EWS-
FLI1 does not impact on the CD99 pathway in ESFT. However, silencing of CD99
influenced the in vitro growth properties of ESFT cells. Despite sustained 
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EWS-FLI1 expression, a prerequisite for continuous ESFT cell growth, ESFT cells
showed significantly reduced clonogenicity in soft agar when CD99 was knocked
down, resulting in less, smaller and more compact colonies than controls, suggest-
ing that CD99 expression is a functionally important characteristic of ESFT sup-
porting the growth promoting function of EWS-FLI1. In addition, it is involved in
ESFT cell migration, at least in part by suppression of KCMF1.28 Thus, CD99 acts
as an important component of the cellular context that provides permissiveness to
the oncogenic function of EWS-FLI1.

8. CONCLUSION

There is increasing evidence that EWS-FLI1 function is very sensitive to context-
specific cellular factors,15 as reflected by variation of gene expression profiles not
only between different EWS-FLI1 transgenic cellular models, but also between
different ESFT cell lines. In addition, there is a remarkable variability in the
architecture of ESFT-associated EWS chimeric proteins. Despite this molecular
diversity, there is much less variation in histopathological and clinical ESFT pres-
entation and, so far, elucidation of the spectrum of molecular features of ESFT
has not translated into a better prognostication of the disease. One of the many
challenges of ESFT is to identify rate-limiting functional pathways, identify their
essential components, which may vary between individual cases, and separate
them from the noise of dysregulated gene expression that is generated as collat-
eral damage by the activity of a mutated transcription factor, EWS-FLI1.
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CHAPTER 5

MOLECULAR KARYOTYPING IN SARCOMA
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Abstract: Conventional cytogenetic and molecular genetic studies have both clinical and
biological significance in sarcomas. However, the resolution of these methods does
not always suffice to screening of novel, specific genetic changes, such as small
deletions, amplifications, and fusion genes. Tumor-specific chromosomal
translocations revealed by cytogenetic and molecular methods play a decisive role in
the differential diagnosis of sarcomas. The novel molecular karyotyping techniques
have proven to be powerful in the screening of clinically and biologically relevant
molecular changes in human neoplasias. A variety of platforms for molecular
karyotyping is available, e.g., arrayed cDNA clones or oligonucleotides that can be
used in microarray-based comparative genomic hybridization (CGH) and gene
expression analysis. We review here the clinically most relevant cytogenetic and
molecular changes in sarcomas and describe latest microarray techniques for
screening of clinically relevant gene copy number and expression changes.

1. SARCOMAS AND GENETIC ALTERATIONS

Bone and soft tissue sarcomas are a heterogeneous group of rare mesenchymal
tumors comprising only 1% of all human neoplasms. In most sarcoma types, the
cell of origin remains undefined, but there is some evidence that tumor cells in
Ewing’s sarcoma are derived from neural crest cells [1]. Osteosarcoma, chon-
drosarcoma, and Ewing’s sarcoma as the three most common forms of bone
sarcoma, and the most prevalent soft tissue sarcomas are malignant fibrous his-
tiocytoma, liposarcoma, leiomyosarcoma, and synovial sarcoma [2,3]. The
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patients’ age distribution varies according to the histological type of the tumor,
but bone tumors frequently affect teenagers and young adults, whereas soft tis-
sue sarcomas usually show a gradual increase of incidence with advancing
age [3]. Although the etiology and pathogenesis of specific sarcomas are still
largely unknown, in recent years considerable progress has been made in the
genetic typing of solid tumors, including sarcomas. Based on cytogenetics, the
sarcomas can be divided into two groups: (1) cancers with translocations (e.g.,
Ewing’s sarcoma, desmoplastic round cell tumor, alveolar rhabdomyosarcoma,
and synovial sarcoma) and (2) cancers with complex karyotypes without any
uniform translocations (e.g., osteosarcoma, malignant fibrous histiocytoma,
leiomyosarcoma, and chondrosarcoma). Small round cell tumors include histo-
logically indistinguishable sarcomas, neuroblastomas, and lymphomas, which
makes differential diagnosis difficult (for review, see Tarkkanen and Knuutila
[4]). To ensure proper prognostic and therapeutic assessment, early and accurate
diagnosis can be aided using cytogenetic and molecular methods.

Specific chromosomal translocations have proven to be useful in diagnostics
and monitoring residual disease [4]. By coupling a transcriptional activation
domain with a DNA-binding domain, the translocation results often in creation
of novel fusion protein with oncogenic properties. Table 5.1 shows a summary
of selected sarcoma types and their characteristic translocations. A classical
example in the Ewing family of tumors is the t(11;22)(q24;q12) translocation,
which leads to production of the EWS-FLI1 fusion protein [5]. This transloca-
tion is seen in about 85% of Ewing’s sarcoma patients while the remaining 15%
display other nonrandom gene rearrangements with EWS (for review see
Burchill [6]), as shown in Table 5.1. Gains of chromosomes 8, 12, and 1q are
detected secondary aberrations in Ewing tumors and a deletion at 9p21 (encom-
passing the p14 and p16 genes) has been suggested to be a marker for poor prog-
nosis [7,8]. Although the role of secondary aberrations is not fully understood,
they may have a role in tumor progression.

The sarcomas with complex karyotypes show numerous chromosomal aberra-
tions, e.g., translocations, inversions, gains, losses, and amplifications of genetic
material [9–11]. This limits the potential of conventional cytogenetic analysis,
especially when mitotic cells are scarce and yield poor chromosome banding and
morphology. Many specific aberrations can be detected by molecular methods,
i.e., fluorescence and chromogenic in situ hybridization (FISH and CISH), PCR,
CGH, and newly developed microarray-based techniques [4,12].

Clinical and diagnostic features often fail to classify the tumor in time. Rapid
diagnosis is particularly crucial for sarcoma patients whose treatment strategy
to eradicate the disease should be determined as the optimal combination of
chemo-and/or radiotherapy together with extensive surgery. Detection of resid-
ual disease and distinct prognostic markers for recurrence or metastasis are also
of clinical importance. Today novel molecular karyotyping methods can be used
for high-resolution genome-wide screening for molecular signatures that assist
us in tumor classification and offer new reliable prognostic parameters in



diagnosis. In the following sections we will briefly describe the microarray-based
molecular karyotyping methods and discuss its clinical potentials.

2. METHODOLOGICAL CONSIDERATIONS

2.1. Cytogenetics and molecular genetics

In addition to chromosomal translocations, alterations in DNA copy numbers are
important in the progression of carcinogenesis, as reviewed by Knuutila [12]. The
activation of cellular proto-oncogenes may occur by increase in the copy number
of the corresponding genomic region, and the inactivation of tumor suppressor
genes may occur by copy number decrease. CGH is a powerful method in genome-
wide detection of copy number changes, e.g., gains, losses, and amplifications [13].
Differentially labeled tumor and normal tissue DNAs are hybridized competi-
tively on a metaphase spread, and based on the tumor tissue copy numbers in rela-
tion to normal tissue, specific chromosomal regions appear as gained or lost. The
tissue used for the analysis may be fresh or fresh-frozen tumor, or even paraffin-
embedded fixed tumor material [14]. An illustration of the CGH methods is
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Table 5.1. Cytogenetic and molecular genetic features of selected sarcomas

Bone and soft tissue tumors Translocation Gene fusion Other cytogenetic 
characteristics

Alveolar soft part sarcoma t(X;17)(p11;q25) ASPL/TFE3 –
Clear cell sarcoma t(12;22)(q13;q12) EWS/ATF1 +7, +8
Congenital fibrosarcoma/ t(12;15)(p13;q25) ETV6/NTRK3 +8, +11, +17, +20

Infantile fibrosarcoma
Desmoplastic small round t(11;22)(p13;q12) EWS/WT1 –

cell tumor
Dermatofibrosarcoma t(17;22)(q22;q13) CO1LA1/PDGFB Amp (17q,22q)

protuberans
Extraskeletal myxoid t(9;22)(q22;q12) NR4A3/EWS –

chondrosarcoma t(9;17)(q22;q11) NR4A3/RBP56 –
Ewing sarcoma/PNET t(11;22)(q24;q12) FLI1/EWSR1 +1q, +8, +12

main
t(21;22)(q22;q12) ERG/EWSR1 –
t(7;22)(p22;q12) ETV1/EWSR1 –
t(17;22)(q21;q12) ETV4/EWSR1 –
t(2;22)(q33;q12) FEV/EWSR1 –

Lipoma t(3;12)(q28;q14) HMGIC/LPP Changes in 12q13–15,
6p and 13q

Liposarcoma, myxoid t(12;16)(q13;p11) FUS/DDIT3 –
t(12;22)(q13;12) EWS/DDIT3 –

Rhabdomyosarcoma, alveolar t(2;13)(q35;q14) PAX3/FKHR 12q13–15 
t(1;13)(p36;q14) PAX7/FKHR amplification,

MYCN amplification
Synovial sarcoma t(X;18)(p11;q11) SS18/SSX1 −3, +7, +8, +12

– SS18/SSX2 –
– SS18/SSX4 –



shown in Figure 5.1. A comprehensive data compilation of copy number changes
is publicly accessible at www.helsinki.fi/cmg/cgh_data.html [15]. Figure 5.2 shows
recurrent amplicons seen in all sarcomas.

Given that the resolution of conventional chromosomal CGH is at the level
of chromosomal bands (10–20 Mb), the method is not sufficient to detect spe-
cific amplification or deletion targets at gene level. Therefore microarray meth-
ods have been developed using BAC or cDNA-based targets [16,17]. In
cDNA-based platforms, cDNA clones arrayed on a glass slide yield genome-
wide gene-level information, as exemplified by our osteosarcoma array results
[18]. Figure 5.3 shows a genome-wide copy number profile of an osteosarcoma
sample, analyzed using cDNA array CGH. The latest technological advance
arrays 30–80-mer oligonucleotides representing different exons of a specific
gene or intergenic regions on a single platform [19,20]. The oligonucleotide-
based CGH arrays give an average resolution of 35 kb (Human Genome CGH
microarray Kit 44B, Agilent, Palo Alto, CA), which reveals aberrations not vis-
ible by other techniques, e.g., small deletions or amplifications. As shown in
Figure 5.4, a sample with MLL-ARG fusion indicates that also apparently bal-
anced translocations may harbor cryptic deletions [21].

The CGH techniques have certain limits, e.g., balanced translocations cannot
be detected since the copy number levels are not altered. It has been argued
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Figure 5.1. Comparative genomic hybridization (CGH) and gene expression analysis. DNA or RNA
is extracted from tumor tissue and labeled with a fluorescent dye. Before labeling RNA can be con-
verted to cDNA. A reference DNA or RNA with normal DNA copy number or expression level is
labeled with another dye. The samples are combined and hybridized on a metaphase spread (e.g.,
chromosomal CGH) or on arrayed cDNA clones (e.g., array CGH, expression array). The resulting
images are analyzed by compatible software, which shows over- and underrepresentation of tumor
DNA or RNA as compared with the control sample. Thus, the results can be interpreted as gains or
losses of genomic regions (DNA analysis) or as over- or underexpression of particular genes (RNA
analysis).
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that CGH methods are less useful in detecting primary events, for instance
translocations in Ewing’s sarcoma. Instead, CGH is capable of revealing gains
and losses, which are thought to be secondary events [7]. Whether apparently bal-
anced translocations in sarcomas contain small regions of deletion or small ampli-
fications has yet to be shown. But, the secondary changes are valuable in the
prognostification of the disease. Applied to sarcoma research, the oligonucleotide-
based platform will provide novel information of small copy number gains and
losses not detected by other methods and it will possibly help to identify novel
fusion genes that can be generated by minor aberrations, e.g., small deletions.
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2.2. Gene expression analysis

The gene expression of a tissue sample is assessed by analyzing its mRNA con-
tent on arrays [22,23] (Figure 5.1), using either cDNA or oligonucleotide plat-
forms. The observation of up- or downregulated genes in tumors supports
diagnosis and prognosis and helps to specify targets for drug development.
Furthermore, molecular signatures of sarcomas, which have been obtained
using gene expression profiling, can be applied in diagnosis, prognosis, and
treatment of these malignancies. Systems biology approach, integration of
genome-wide gene expression data (coregulated transcripts) with gene function
annotations (e.g., GO, KEGG, and Biocarta databases) and genomic sequence
(regulatory DNA elements), provides knowledge of functional networks and
activated signal transduction pathways in sarcomas. Holistic inferences of gene
functionality and gene expression regulating machinery are essential in under-
standing carcinogenesis of sarcomas at molecular level. A variety of sarcomas
have been subjected to expression analysis, e.g., osteosarcoma, synovial sar-
coma, clear cell sarcoma, chondrosarcoma, and liposarcoma [24–29]. The main
aim of these works has been to obtain gene expression signatures and novel
marker genes for specific tumor types, aiding their separation from other solid
tumors with similar appearance [30,31]. As an example of studies with clinical
aims, expression profile-based clustering of Ewing’s sarcomas [32] and
leiomyosarcomas [33] has distinguished low-risk patients from patients with
high risk of relapse or metastasis.

2.3. Laboratory practice

Preparation of samples requires special care because mRNA degrades at a rapid
rate. Accordingly, expression analysis is generally not applicable on paraffin-
embedded material. It should be further emphasized that expression analysis
covers only a cross-section of the mRNA content at the time point of the tumor
excision. In addition, rapidly degrading mRNA molecules, which can also be
up- or downregulated, may not necessarily show the actual state of the tran-
scriptome in the tumor. Besides, the heterogeneity of the tumor sample includ-
ing, differential cancer cell clones, contaminating normal tissue or inflammatory
cells may interfere with interpretation [34]. Still, the gene expression profiles of
different macroscopic parts of a tumor have been shown to cluster together and
to give a distinct profile to individual tumors [35].

2.4. Tissue microarrays

Tissue microarrays can be used to validate the clinical significance of targets
found in aCGH and expression array studies [36]. A tissue microarray consists of
a large number of tissue samples with known histology and patient history. The
samples are embedded in a single paraffin block, of which sections are sliced to
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represent all of the samples. Then FISH, CISH, or immunohistochemistry is
performed on the tissue sections to facilitate the association of molecular kary-
otyping results with the clinical parameters and the validation of specific targets
[30]. The presence of translocations can be tested using breakapart probe-FISH
[37,38], thus avoiding the need for immunohistochemistry or PCR. Engellau
et al. [39] used 140 arrayed soft tissue sarcoma samples with different clinico-
pathological characteristics and found that immunopositivity of Ki-67,
β-catenin, CD44, and Pgp has prognostic value for tumor metastasis. In
another example, the prognostic significance of a novel amplicon in breast
cancer was validated using 262 arrayed tissue samples [38]. The amplicon was
found to reside close to a rearranged gene and to co-occur in the same samples
with the rearrangement. Furthermore, the novel amplicon was confirmed to be
associated with poor prognosis using FISH and breakapart probe-FISH on the
tissue microarray [38]. Similarly, the results obtained from DNA copy number
and expression studies of sarcoma samples could be tested on a tissue micro-
array with large sample populations to evaluate the clinical significance of the
findings.

3. CLINICAL APPLICATIONS

Sarcomas are divided into prognostic subtypes according to histopathological
features (e.g., tumor size, location, and number of mitotic cells). Specific
translocations are determined by cytogenetic analysis, fusion gene transcripts by
RT-PCR, and chromosomal gains or losses by FISH or conventional CGH.
Table 5.1 gives an overview of sarcoma-specific translocations. However, these
methods are not accurate enough to give sufficient gene-level information for
diagnostic purposes, classification of the tumors, or prognostification. The
molecular profiles generated by array-based methods have provided predictive
markers for treatment response in breast cancer [40–42], molecular classification
of tumors in lung adenocarcinomas [43] and diffuse large B-cell lymphomas
[44], and markers for resistance of treatment in pediatric osteosarcomas [29].
The methodology enables also the detection of novel fusion genes [21], which
may be useful in cancer diagnostics, and the detection of residual disease after
primary tumor eradication [45]. However, further clinical trials should be con-
ducted to validate these findings.

4. CONCLUSIONS AND FUTURE PROSPECTS

Molecular karyotyping methods include genome-wide techniques to assess the
DNA copy-number and gene expression changes in tumor samples. The results
provide distinct molecular signatures or single targets, which can be used for
tumor classification, prognosis, and prediction of treatment response and occur-
rence of residual disease. Gene expression microarrays and systems biology
tools can be used to identify novel drug targets, genes, which are actively
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transcribed in sarcomas, and signaling proteins and transcription factors, which
promote sarcomagenesis.
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and universities, searchable on the Internet, providing rules for access and use and a
code of conduct to comply with the various legal and ethical regulations in European
countries. Such infrastructure would enlarge tissue availability and accessibility in
large amounts of specified or even rare tumor samples. Design of an infrastructure for
European residual tissue banking with the described characteristics, clear focus points
emerge that can be broken down in dedicated subjects: (1) standardization and quality
assurance (QA) to avoid inter-institute quality variation; (2) law and ethics enabling
exchange of tissue samples possible between institutes in the different European
countries, where law and ethics are characterized by a strong variability; (3) rules for
access, with sufficient incentives for collectors; (4) central database application
containing innovations on search and selection procedures; (5) support when needed
with histology images; and (6) Internet access to search and upload, with in addition
a solid website giving proper information on the procedures, intentions and activities
not only to the scientific community, but also to the general public.

One consortium decision, part of the incentives for collectors, had major impact on
the infrastructure; custodianship over the tissues as well as the tissues stay with the
collector institute. Resulting in specimens that are not given to an organization, taking
decisions on participation of requests, but instead the local collected tissues stay very
easy to access by the collector and allows autonomous negotiation between collector
and requestor on cooperation, coauthorship in publication or compensation in costs.
Thereby, improving availability of large amounts of high quality samples of a highly
specified or rare tumor types and contact opportunities for cooperation with other
institutes.

Key words: European virtual tumor tissue banking, TuBaFrost, bio-repositories, virtual
microscope, access rules, ethics

1. INTRODUCTION

Recent years, an increasing demand for large quantities of high quality and well-
documented fresh frozen tumor tissue has arisen, due to new queries available
to address in translational cancer research. Thanks to rapid developments of
high throughput techniques in medical molecular science. Human tissue collec-
tions form a wealthy source of scientific information, with the prerequisite that
the tissues are well documented and well conserved [1–5].

1.1. Types of bio-repositories

Today, collections of human tissue can be found in a variety of forms collected
for many different purposes. Tissue collections stored for medical research are
stored in bio-repositories and upon the aim, three major categories are recog-
nized in the area of medical research: (1) population-driven; (2) project-driven;
and (3) systematic-driven banks. Organ or transplantation banks form a distinct
class of tissue bank with their own regulations. Although they can be involved
in medical research, these banks collect tissue for reuse in human beings and
therefore need stricter forms of regulation. To avoid confusion on this point
they will not be further discussed here. The population banks are collected to



follow a group of people prospectively to characterize the developments of the
group in samples collected at a certain time point [1,6,7]. The collections are
often very large and clinical data, gathered over time, accompanying the samples
is instrumental for the experiments that can be performed.

The project-driven collection is characterized by collections that are disease
or organ based. Specialized research groups performing dedicated research on
these organs or diseases collect the residual samples and most often not only
have an interest in the retrospective, but also are actively collecting the follow up
data. To set up such a valuable collection of population-based or project-driven
banks takes many years of investment.

To avoid the long time involved in setting up these collections, the systematic
collections, which is also the main subject of discussion in this chapter, forms an
important alternative. It looks very similar to the project-driven collection, but
is not limited by an organ type or disease. Both collections can be seen as dis-
ease-driven. Available residual tissues are collected and stored without the need
of a specific aim at the time of collection. This way valuable time can be saved
to start up medical research based on tissue samples. Data is also collected, but
most often less detailed as in project-driven collections. This can also be done in
later stages, when it is clear what data is specifically needed. Uniting systematic
tissue banks is especially useful for those studies involving high numbers or
highly specialized or rare types of tissue specimens, which can take a very long
time to build even for systematic tissue banks of large institutes, can save even
more valuable time.

1.2. Networks

Networks of systematic tumor tissue banks need to be developed in answer to the
demand arisen due to the rapid developments of high throughput techniques [3,4].
TuBaFrost is a project funded by the European Commission in the fifth frame-
work to set up a European human frozen tumor tissue bank network. A mission
statement covering the aims of the project was formulated: create an innovating
virtual European human frozen tumor tissue bank for the whole European scien-
tific community composed of high quality frozen tumor tissue collections accom-
panied by a solid diagnosis stored in major cancer centers and universities in
Europe, which can be easily consulted through the Internet, provided with rules
for access, use of the tissues complete with a code of conduct to comply with the
various legal and ethical regulations in European countries. To unite systematic
banks of different institutes several important demands must be met.

2. STANDARD OPERATING PROCEDURES

Local methods to store and collect tissue vary from one institute to the other. In
fact these methods are differing everywhere in the smallest details. These differ-
ences can lead to inter-institute experimental variability or intrinsic bias in results
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of experiments performed with specimen derived from different institutes.
Therefore, minimal standard operating procedures (SOPs) have to be developed
and QA measures have to be taken. The ideal form of standardization would be
a totally equal operating procedure, however this would involve unnecessary
costs that would have to be made for joining a network of tissue banks.
Therefore, all activities needed for collecting, freezing, and storing high quality
tissue were identified and subsequently weighed on their impact on the quality
of the sample. Matters of high impact were described as SOP mandatory for
implementation, whereas low impact matters were recommended. In addition,
choices were described in methods where the sample would get equal quality in
the end. These SOPs and QA needs to be implemented at all participating
collecting institutes. For most institutes involved in the TuBaFrost project
implementation of the SOPs and QA has led to the adaptation of used proto-
cols. Many aspects in the local protocol do not form a threat to the quality or
differences in the quality of the sample were not included for change. There
stays however awareness for the best procedures, described in golden standards
to which an institute must strive, e.g., mechanical freezers versus liquid nitrogen
for long-term storage of tissue specimens. The most important measures are: a
pathologist selects the fresh tissue that can be dissected from the surgical speci-
men, because he is responsible for the diagnosis and can judge which part of the
tissue is needed for diagnostic purposes and what tissues are residual [7,8]. The
lag time between surgical removal and snap freezing must not be longer than 
30 min or otherwise be noted. Alarm systems, an adequate registration and
labeling system for tracking the samples must be in place and sufficient backup
systems must be operational. For QA, 1% of the new samples have to be ran-
domly checked every year on RNA quality, accuracy of the position in the stor-
age system, and database system and contents of the sample compared with the
description. An SOP derived from the here developed SOP to avoid multicenter
study intrinsic bias has been worked out for future EORTC multicenter studies.

3. RULES FOR ACCESS AND USE

The infrastructure must not form a burden for the participating collectors to join
and at best have incentives for collectors at several fronts. The TuBaFrost con-
sortium has for this reason rejected the idea of a review commission, which
would judge all requests on their scientific impact. Instead the custodianship over
the tissues stays with the local collector. The local collector takes the decision to
participate in a request. This allows collections with high scientific value to be
uploaded to the central database. The permission to use the tissues is now
depending on the request proposal and on the conditions under which they will
be issued. This permits the local collector to negotiate on participation, copubli-
cation, and compensation in costs. In addition, the local collector is able to issue
the tissues for use in their own institute; they only need to update the central
database on availability of the samples. Due to the variations in scientific value it
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might not only occur that the outcome of the negotiation between the requesting
institutes differs, but it might even lead to differences in acceptation and rejection
of requests. These aspects are all laid down in rules for access and use:
1. Participation in the European Human Frozen Tumor Tissue Bank Network

as collector will only be possible for those European institutes that can con-
tribute tissues (collectors), such as Hospitals or existing networks of tumor
banks. These institutions must, in addition, be able to meet the demands set
by the TuBaFrost consortium on minimum standards, protocols, and quality
control.

2. Access as a user or requestor to the European Human Frozen Tumor Tissue
Bank Network will only be possible after registration, which can be done if
the following conditions are met:
(a) The requestor must be involved as a researcher at any tumor research

group, hospital, university, existing network of tumor banks, national
cancer association, research center, collaborative group, European com-
mission, associated countries and international associations and involved
in medical research only.

(b) The requestor must be familiar with and comply to the European Law
and Ethics on residual tissue as described in D 7.1 and MS 7.1 Code of
Conduct or if the law and ethics has changed the then actual situation.

(c) Requestor must be able to give an exact description of all planned
research involving the tissue samples.

(d) The requestor must have permission of the local Medical Ethics
Commission to execute the planned research.

(e) The planned research needs to be of sufficient quality to spend the valu-
able tissue samples on, to be judged by the individual collectors, which
are involved in the application.

(f) Requestor must have sufficient expertise at their disposal to perform the
planned research.

(g) Access is limited to those who are prepared to make a reference to the
European Human Frozen Tumor Tissue Bank and the involved collec-
tors of the tissue in future publications based on the results obtained on
the received tissues.

Acknowledgment policy: If results obtained with tumor tissues from
European Human Frozen Tumor Tissue Bank Network result in a pub-
lication, the following statement should be included in the
Acknowledgments or Material and Methods section of the manuscript:
“The tissue used in this publication was provided by TuBaFrost the
European Human Frozen Tumor Tissue Bank”. In case facilities were
used from the collecting institute(s), beyond the sole activity of issuing
tissue, which in addition have contributed to a publication, the persons
involved need to be treated as coauthor of that publication.

(h) The requestor will respect the evaluation of their proposal, which is
judged by the local collectors involved in the request and is reflecting the
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permission on tissues requested at that local institute. If permission is
denied, the requestor can submit the request again to other Institutes
involved in collecting samples. In addition, requests of collectors are
considered more important over requests of sole requestors, therefore, in
case of competitive interests collectors requests are considered first.

3. In order to participate in the European Human Frozen Tumor Tissue Bank
Network collector institutes will have to comply with the following criteria:
(a) All collector institutes must have availability and access to cancer patient

specimens.
(b) Collector institutes must have the availability of sufficient personnel

(e.g., technicians and pathologists) and infrastructure capacity for the
development and/or maintenance of a tumor bank, which meets the
minimal standards and can collect tissue according to the protocols and
rules set by the European Human Frozen Tumor Tissue Bank Network.

(c) In order to participate in the European Human Frozen Tumor Tissue
Bank Network all or potential collector institutes will establish a tissue
bank, collect specimens and corresponding clinical data according to the
standardized collection methods and policies of the European Human
Frozen Tumor Tissue Bank Network in order to assure quality control of
specimens and data.
● The collector institutes will name a member of the institute, who is

responsible for the scientific tasks of the tumor bank (macroscopic
analysis, and selection and harvest of the surgery specimens). Those
selected persons should demonstrate their interest in participating in the
tumor bank and cancer research. He/she will be responsible for the func-
tional aspects such as reception, processing and storing of the samples,
quality controls, legal and ethical aspects, management of the informa-
tion referring to each sample, and the distribution of the samples.

● The collector institutes has a technician responsible for the process-
ing, storing, cryopreservation, retrieval, and shipping of the samples.

● The collector institutes will indicate the existence of a budget, a physical
space and equipment to perform the activities of the tumor bank.

4. The collector institutes are responsible for the association of samples with a
locally valid consent or at least an opting out system, where patients can
object to the use of their tissues for research purposes, to ensure legal
research use of TuBaFrost material by the requestor institutions.

5. The collector institutes will be required to accept and implement the com-
mon policies and procedures approved by the TuBaFrost consortium (or the
Steering Committee).

6. The collector institutes will be required to accept cooperative action between
the tumor banks of the European Human Frozen Tumor Tissue Bank
Network.

The TuBaFrost infrastructure supports and facilitates different aspects of these
complex tasks.
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4. ETHICS AND LAW

TuBaFrost is a European Tissue bank and has to deal with a variety of laws and
ethics in the different participating countries. It is absolutely key for transla-
tional cancer research in Europe to find a practical way to exchange tissues. The
project proposal had already strong emphasis on this point. One of the end
points was a code of conduct for exchange of tissues in Europe.

To come to a code of conduct for exchanging residual tissues in Europe first
an inventory was made on the variation of laws of the participating countries,
including some remarkable developments in others. From this a strategy was
determined by looking at the possibilities. Harmonization was one that was con-
sidered, however this would lead to the strictest form of regulation, making
exchange of tissue in Europe virtually impossible and too expensive for research
purposes. Another alternative is to harmonize only the two countries involved
in every exchange. This gave also a too complicated outcome. Therefore, instead
of harmonizing attempts a solution was sought in the creation of a coordinat-
ing rule by using the principal of home country control and governance over the
tissue samples.

If tissue may legitimately be used for a certain kind of research in the coun-
try where it was taken out, it may also be used for such research in the country
where it is sent to in the context of a scientific program even if in that other
country other regulations would apply for research with residual tissue taken
out from patients under their jurisdiction.

This outcome results in an environment enabling tissue exchange possible in
Europe, which keeps collection of tissue under local law legitimate for later tis-
sue exchange. This principle is described in a code of conduct, which as a mini-
mum requires an opt-out consent procedure. All institutes lacking consent
procedures for collecting residual tissues for medical research and participating
in the TuBaFrost network, need to give the patient the opportunity to object to
the use of their residual tissue for medical experimental purposes. Therefore, an
adequate system needs to be in place enabling the destruction of the tissues of
the patient, after he or she objected to the use of their residual tissues in med-
ical research. Furthermore, when tissue goes from one institute to another both
parties involved must sign a tissue transfer agreement, which states the rights
and obligations of both parties involved on a basic level. The tissue transfer
agreement leaves room for negotiations between the recipient and collector on
cooperation, copublication and/or a compensation in costs made for collecting
freezing and retrieval of the samples.

5. CENTRAL DATABASE

The central database is much more than just a simple database where tissue
records are stored [2,9]. It is a complete application that supports the visibility
of tissues for the research community, whereas it not only facilitates the search

TUBAFROST: EUROPEAN VIRTUAL TUMOR TISSUE BANKING 71



for tissues needed for research, but also supports the request with decision
making for the collector and the communication between requestors, collectors,
and central office. The application has a hierarchic structure; all the different
actors, that need to be registered, have on basis of their login permission to use
facilities in the central database. The lowest is the requestor followed by the head
requestor (one per institute), collector, head collector (one per institute), and the
administrator or central office. Support and start of the communication process
is done by automatically generated e-mails. The e-mail addresses need to be
given upon registration. The e-mail is used to identify the institute especially
when new actors are registering from the same institute. False e-mail addresses
block further contact and communication will not take place. The data that is
uploaded to the central database is coded locally under the responsibility of the
local institute. This code is again changed when uploaded to identify the insti-
tute. Uploading can be done by single samples and by batch upload. The patient
case data knows the following fields: (1) local patient case code; (2) histopatho-
logical diagnosis 1,2,3 (morphology); (3) stage (and TNM); (4) grade; (5) age at
time of biopsy/sampling (years); (6) gender; and (7) clinical, trial involvement,
medical history/treatment/complications/toxicity/concomitant disease/second-
ary tumors/laboratory data.

Tissue sample data: (1) local inventory tissue code; (2) site of tumor (topog-
raphy); (3) tissue condition (tumor/nontumor/interface); (4) time elapsed after
biopsy was performed and tissue sample was frozen; and (5) availability of tis-
sue sample (available/issued/in use/terminated).

A requestor can search for tissues characterized by all fields recorded. He can
select tissues for research and put them in a cryo-cart or basket, which is com-
parable with a shopping cart used in Internet shopping. The contents of this
cryo-cart can be ordered after filling out a form, which is information required
for the collector involved in the request to participate in the request or not and
will be part of the request proposal send to the local collector. Digital images of
the sample histology can be uploaded to support the selection process of the
tissue specimens. Tissues with a controversial diagnosis can be supported by
virtual microscopy.

6. VIRTUAL MICROSCOPY

Virtual microscopy is a technique that enables to digitize complete tissue slides
on high magnification and store the information on disk. The user can approach
the large digital image over a network connection (Internet) and demand arbi-
trarily magnifications and positions scanned by the VM. The image server will
not send the whole picture to the user, but only small pictures to the user enough
to fill the screen every time the user requests a certain magnification or position
and have sufficient resolution to render a correct diagnosis as a virtual pathol-
ogy slide [10,11]. The pictures need a large quantity of disc space depending on
the magnification and the area that needs to be scanned. Pictures are on average
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500 Mb using the 40× objective. Therefore, only tissues having a difficult
diagnosis are supported with the virtual microscope. Scanning is done at the
EORTC, where a Nanozoomer from Hamamatsu (Japan) has been installed for
this purpose. It supports automatic slide feeding (210/session), imaging with
a software chosen 20× or 40× objective and has fast scanning times. A viewer is
made available for Internet approach of all interested parties. A link is the only
thing that needs to be uploaded to the central database to make access possible
to the virtual microscopic image.

7. INTERNET ACCESS

Requestors, collectors, and central office need to be able to contact the central
database on a regular basis. In addition, there need to be a tool to show the
general public, patient carer groups and new requestors and collectors in a
transparent way what the TuBaFrost aims are and how these aims are to be
reached. In addition, the way you can participate in the network must be com-
pletely clear. Therefore, an integrated website is needed to explain to all the
actors mentioned, how TuBaFrost functions and what requirements need to be
fulfilled to take part in this initiative. At www.tubafrost.org an experimental
version is presented, but as soon as it is finished the final version will be put
under this name. The experimental version was needed to discuss and develop
the professional one. A company has developed the final website and central
database application with knowledge on website design, because it is important
for the first impression of the visitor of the site. The site reflects the profes-
sionalism of programming and needs to be programmed with the latest
insights.

8. PERSPECTIVES

After EC funding the TuBaFrost network is implemented under the umbrella of
the OECI (Organization of European Cancer Institutes) where it will be used by
the OECI members as a tool for networked tumor tissue banking as an integral
part of comprehensive cancer institutes.

TuBaFrost is just a start, but many connections need to be made between bio-
repositories, nationally as well as internationally. Discussions on a global level
have even been started. The structure of the here presented infrastructure allows
for project-driven and systematic tissue bank to join forces and therewith can
come to higher numbers needed for significant results and verification or reach
the needed critical mass to start research on rare cases. This is enabled due to the
unique vision on custodianship over the collected samples. It is also tempting to
speculate on the new scientific opportunities that would arise if population
banks could join forces with the disease-driven banks preferably intermediated
with cancer registries. Ways need to be found to let information find its way
without harming the privacy of the patients involved.
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Abstract: Many systems have already been designed and successfully used for sharing histology
images over large distances, without transfer of the original glass slides. Rapid
evolution was seen when digital images could be transferred over the Internet.
Nowadays, sophisticated virtual microscope systems can be acquired, with the
capability to quickly scan large batches of glass slides at high magnification and
compress and store the large images on disc, which subsequently can be consulted
through the Internet. The images are stored on an image server, which can give simple,
easy to transfer pictures to the user specifying a certain magnification on any position
in the scan. This offers new opportunities in histology review, overcoming the
necessity of the dynamic telepathology systems to have compatible software systems
and microscopes and in addition, an adequate connection of sufficient bandwidth.
Consulting the images now only requires an Internet connection and a computer with
a high quality monitor. A system of complete pathology review supporting bio-
repositories is described, based on the implementation of this technique in the
European Human Frozen Tumor Tissue Bank (TuBaFrost).

Keywords: Virtual microscope, virtual tumor bank, virtual bio-repository, virtual tissue banking

1. INTRODUCTION

Ever since Rudolf Virchow published the first attempts to a systematic classifi-
cation of tumors based on histology, light microscopy has been the mainstay of
tumor diagnosis. Virtual microscopy is an important technological development
that broadens the range of applications of light microscopy. Here we describe
the uses of virtual microscopy in the context of the European virtual tumor
bank TuBaFrost.

Telepathology is the practice of “pathology” at a distance, using telecommu-
nications technology as a means to transfer images of gross morphology and
histological slides between remote locations for the purposes of diagnosis, edu-
cation, and research [1,2]. In a broader sense telepathology also includes remote
discussion from pathologist to pathologist and from clinicians to pathologist,
remote quality assurance involving pathologists and referral labs, and research
collaboration between research teams [1–2].

Telepathology systems have been traditionally defined as either dynamic or
static. Dynamic systems allow a telepathologist to view images transmitted in
real time from a remote robotic microscope that permits complete control of the
field of view and magnification [3–6]. Static (or store and forward) telepathol-
ogy involves the capture and storage of images followed by transmission over
the Internet through e-mail attachment, file transfer protocol, or a Web page, or
distribution through CD-ROM. Dynamic hybrids also exist, which incorporate
aspects of both technologies [6].

Today, telepathology systems are divided into three major types: (1) static
image-based systems; (2) real-time systems; and (3) virtual slide systems. To
overcome problems attributable to sampling bias and interpretation resulting



from limited field selection, telepathologists must be able to navigate to any
field of view, at magnifications comparable with that of a conventional micro-
scope, using images of sufficient resolution to render a correct diagnosis [7–9].
To meet such criteria the Virtual Pathology Slide has been developed [10,11].
The Virtual Pathology Slide mimics the use of a microscope in both the step-
wise increase in magnification and in lateral motion in the X and Y Cartesian
directions. This permits a pathologist to navigate to any area on a slide, at any
magnification, similar to a conventional microscope. This is discussed further
in the next section.

Static image systems have the significant drawback in only being able to
provide selected microscopic fields. Conversely, both real-time and virtual slide
systems allow a consultant pathologist the opportunity to evaluate the entire
microscopic slide. With real-time systems, the consultant actively operates a
microscope located at a distant site, whereas virtual slide systems utilize an auto-
mated scanner that takes a virtual image of the entire slide, which can then be
forwarded to another location.

While real-time and virtual slide systems appear ideal for telepathology, there
are certain drawbacks to each. Real-time systems perform best on local area
networks, but performance may suffer if employed during periods of high net-
work traffic. The scanning of virtual slides can be a time-intensive operation
requiring anywhere from minutes to hours to accurately scan a single slide. Also
the large data size of the virtual slide means that a large data storage space is
required as well as adequate archival and backup systems. However recent
developments in virtual slide systems have resulted in a dramatic reduction of
the time required for scanning a single slide. In addition, auto slide feeding tech-
nology has been developed in conjunction with these systems to allow batch
slide scanning of a number of slides without the user having to manually feed
the system a single slide one at a time. Developments in software applications
and compression methods have allowed for a smaller data size compared with
what was possible in the past.

The diversity in telepathology systems reflects growing technological expert-
ise in this area and the increasing importance of telepathology in education,
training, quality assurance, and teleconsultation [12–17]. Numerous pathology
archives are accessible on the Internet, providing links to both educational and
commercial telepathology websites. These offer access to either static or
dynamic image delivery systems [3,4,15–22,23–25].

2. VIRTUAL MICROSCOPY

Virtual Microcopy (virtual slide system or Virtual Pathology Slide) is the tech-
nique of digitizing an entire glass microscope slide at the highest resolution to
produce a “digital virtual microscope slide” with diagnostic image quality. This
“digital virtual slide” can be used in conjunction with image processing software
tools (both windows-based and browser-based) to view, manipulate, position,
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and specify the magnification of the image on screen as if using a regular micro-
scope to view the original glass slide (see Figure 7.1). As the glass slide is now in
a digital or virtual format, it is possible to use the image for: archiving, replica-
tion, transferring over networks, remote consultation, integration with other
media types for educational use on the web or DVD, and integration into
laboratory information systems and image analysis (reference article
‘Nanozoomer/Medical Solutions user manual and website’).

Traditional histopathology diagnosis uses the standard light microscope to
observe prepared tissue sections on glass slides. For second opinion is required
to send the glass slides by post to another pathologist for analysis under his/her
microscope and then the slides usually have to be returned to the original
pathologist. This method takes time, risks permanent damage to the glass slides
and incurs mailing costs.

Classroom viewing of histology slides in an educational environment would
require the availability of microscopes for the students, or an optical microscope
with a projector operated by an instructor (and not the students themselves) and
would require the students to be physically present in the same classroom at the
same time.

However, because of Virtual Microscopy technology and development of the
broadband internet connection it is now possible for these histology slide to be
digitized, placed on an image server and made available online by a (secure)
website.

Note: The whole virtual slide image is not sent to the user over the Internet.
When a user selects a point and magnification on the virtual slide map, the
image server will select that relevant field of view section from the full image
stored on disk (on average 500 MB) and will send it to the user over the Internet.
This method is performed every time the user requests another location or mag-
nification. This means that all the pathologists involved in reviewing a case
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Figure 7.1. Virtual microscopy involves the digitization of an entire glass microscope slide (A) to
produce a digital virtual microscope slide with diagnostic image quality (B).



would be able to log into this website, access these images and be able to decide
on their histopathological diagnosis of the case due to the diagnostic image
quality of the virtual slide image (see Figure 7.2).

Students would also be able to access these images online and by using their
computer can independently look at any image from a database containing
thousands of slides. The viewing technology that is available with virtual
microscopy technology allows the user to select magnifications and use
UP/DOWN/LEFT/RIGHT arrow buttons to move the center of field of view.
The viewing software can also be navigated by clicking on the map or field of
view image.

3. APPLICATION OF TELEPATHOLOGY AND VIRTUAL
MICROSCOPY IN ROUTINE PATHOLOGY

Current telepathology applications include intraoperative frozen sections serv-
ices, routine surgical pathology services, second opinions, and subspecialty con-
sultations. In this context, diagnostic accuracy of telepathology is comparable
with that of conventional light microscopy for most diagnoses. Rapid and ultra-
rapid virtual slide processors may further expand the range of telepathology
applications. Next-generation digital imaging light microscopes may make vir-
tual slide processing a routine laboratory tool [26].
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Two kinds of virtual pathology laboratories are emerging: (1) those with dis-
tributed pathologists working in distributed (one or more) laboratories and (2)
distributed pathologists working in a centralized laboratory. Both are under
technical development. A virtual pathology institution (mode a) accepts a com-
plete case with the patient’s history, clinical findings, and virtual images for sec-
ond opinion. The diagnostic responsibility is that of the requesting institution.
The Internet serves as a platform for information transfer, and a central virtual
slide server for coordination and performance of the diagnostic procedure.
A group of pathologists is “on duty”, or selects one member for a predefined
duty period. The diagnostic statement of the pathologist(s) on duty is retrans-
mitted to the virtual slide sender who maintains full responsibility. A centralized
virtual pathology institution (mode b) depends upon the digitalization of a
complete slide, and the transfer of the virtual slide to different pathologists
working in one institution [27]. In order to acquire uniform high quality in
pathologic diagnostics and to have fast spread of cancer research knowledge,
a Virtual Pathology Institution group is under development in Italy. It is com-
posed of distributed pathologists and distributed laboratories working in the
seven Italian Cancer Institutes within the Alliance Against Cancer national proj-
ect (ACC). Program implications of the ACC virtual pathology institution have
included: (1) consensus sessions; (2) quality control; (3) education activities;
(4) 2nd opinion; and (5) research. Virtual microscopy technology and Internet
connection are used. Microscope slides images are digitized; virtual slides are
then placed on a “central” image server and made available online through a
website [4]. Since its implementation in 2003, the ACC virtual pathology institu-
tion has processed over 200 teleconsults, providing the communicating patho-
logists with diagnostic assistance on their most difficult cases. Today, the
open access of the virtual microscopic images enables the user to send links of
virtual microscopic images over e-mail. In addition, these links can be preset to
a certain area and magnification of the image so allowing each pathologist 
to highlight interesting histology, whilst retaining the ability to view the complete
histology of the scanned glass slide. Combining the use of other computer-
aided communication allows for a large variety of new forms of applications in
consulting.

4. VIRTUAL MICROSCOPE SYSTEM COMPONENTS

Figure 7.3 portrays a general setup for a virtual microscope and telepathology
system. The glass slide is placed on the microscope stage and the digital camera
(3-chip 24 bit) takes high quality “field of view” single images (usually at 20×
objective, but 40× is possible) as the motorized stage moves the glass slide left-to-
right and up and down. Eventually, a collection of “field of view images” are
taken representing the entire glass slide. These images are saved to the PC that is
connected to the digital camera and the image acquisition software installed on
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the PC will “stitch” together these field of view images to create an entire virtual
slide image (between 100 MB and 2 GB in file size using JPEG image
compression) depending on the area of the tissue slide and chosen magnification.

This virtual slide image can then be placed on the image file server and the
server file address can be stored in a database under the tissue record. Client
viewer software is installed on the web server so that when a user logs into the
website and selects a tissue record, he/she can click on the low-objective slide
image (taken, for instance, at 1/2× objective) which will load the client viewer
software so that the user can view and navigate the matching virtual slide image
that is stored on the image server (Figure 7.2 and Figure 7.4). The request is
made to the image server, where the requested image is calculated and sent to the
user as described in the section “What is a Virtual Microscope”.

5. INVESTIGATION OF COMMERCIAL VIRTUAL MICROSCOPE
SYSTEMS

During 2003–2004, as part of the TuBaFrost Project, 20 companies involved in
virtual microscope systems around Europe were consulted and their systems
evaluated.

From this evaluation the criteria for a good virtual microscope system were
determined:
1. Good quality images (good resolution, focus, and sharpness)
2. Adequate range of objectives/magnification
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Figure 7.3. System setup for a virtual microscope and telepathology system. The virtual microscope
network consists of a workstation (A) to operate the Virtual Microscope and an Image server (B) of
large storage capacity and connected to the network. The network connection can involve a con-
nection to the Intranet (C) enabling all institute computers with access to the image server to view
the virtual microscopic images. It can also be connected to the Internet (D), enabling external users
access to the images.



3. Accurate focusing
4. Fast Scan speeds/low scan times
5. Best compression rates and low image sizes (but maintaining good quality

images — e.g., JPEG image compression)
6. Easy integration into existing software, databases, and computer systems
7. Affordable system
8. Reliable
The components of a typical virtual microscope system are:
1. Microscope (standard or research) with XYZ motorized stage and controller

(attached to PC), which includes focusing system.
2. 3-chip digital camera attached to a high performance PC with high resolu-

tion monitor.
3. High resolution flat-screen monitor attached directly to digital camera (for

displaying current field of view).
4. Image acquisition software installed on PC that, through the motorized stage

controller, allow the microscope to move across slide and collects frames of
“field of views” and then stitches these field of view images together to make
a complete virtual slide image of the complete glass slide.

5. Image file server to hold these compressed virtual slide images.
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Figure 7.4. Once the virtual slide image is scanned (A), stored on the image server (B) and cata-
logued in the tissue database, users can access these images from the online tissue record (C) and dis-
cuss the slide image with colleagues (D).



6. Web server to hold the web site files to provide an interface to the images and
tissue information.

7. Pathology-Tissue database system that holds the image server file location
for each virtual image within the tissue record.

8. Remote client viewing software installed on web server that works together
with the tissue record database to allow pathologists and scientists to
remotely access and navigate these virtual images.

Based on the criteria determined from the investigations and testing of some of
the systems at that time, the Hamamatsu Nanozoomer Digital Pathology (NDP)
system [28,29] was selected for the TuBaFrost Project. The hardware for this sys-
tem is developed by Hamamatsu Photonics [28,29] and the software is devel-
oped by Medical Solution Plc [30,31].

6. APPLICATION OF VIRTUAL MICROSCOPY IN THE TUBAFROST
NETWORK

The addition of the virtual microscope tool to the tissue bank model was pri-
marily to assist when tissues with a difficult diagnosis are selected for experi-
mental purposes. In this way, the user is aware of the exact constitution of the
sample, so samples are not transported unnecessarily at cost to the requestor
and samples are not unjustifiably unavailable. In addition, for very problematic
cases a diagnosis review system can be easily established.

A central database was developed for the TuBaFrost network into which
locally collected sample information is uploaded and is searchable by the scien-
tific community in order to locate tissue material for their research projects.
Associated with each tissue record in the central database is the diagnosis. In
order to back up this diagnosis as well as provide images of the tumor sample
for training, education, and reference, a virtual microscope system was
employed within the network so that virtual slide images could be made from
the tissue material and linked to the tissue samples entered into the central
database.

Therefore, during the development of the TuBaFrost central database system,
web software (provided by Medical Solution Plc) was integrated into the system
to allow users to view these virtual slides online along with the tissue record and
patient case information.

A large image server (1 TB = 1,000,000 MB) was integral to the NDP system,
however since each image will be between 300 and 600 MB in file size the limit-
ing factor is the storage capacity. The TuBaFrost consortium decided that it was
not essential for all tumor samples to be supported with virtual slide images;
support is only required for difficult to diagnose samples. In these cases, a local
pathologist can determine the diagnosis by judging the virtual images. Less dif-
ficult cases can be supported by a normal representative image (0.2–1.0MB),
which can be uploaded into the central database (see article Central Database in
International Tumor Banking), whereas easily diagnosed cases need no image at
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all. In the future as storage media reduce in price, data capacity increases, and
compression methods develop further, it will be possible to store more virtual
slide images.

Pathologists associated with collecting institutes participating in the
TuBaFrost network will select the slides required for virtual slide scanning (dif-
ficult cases) and send them to the Tumor Bank office at the EORTC in Brussels
for digitization. The virtual slide images will be stored on an image server linked
to the tissue records and patient case within the central database. After digitiza-
tion is completed, the glass slides will be returned to the collector institute.

7. CONCLUSION AND FUTURE PROSPECTS

A relevant application for virtual slide technology is the documentation of tis-
sue samples in tissue banks. This technology in the tissue bank can enhance tra-
ditional sample annotation, assist in ensuring remote tissue bank clients receive
appropriate tissue for their research, and form the basis of quality assurance
systems [32]. In this paper, the TuBaFrost methods for integration of whole slide
imaging into the tissue bank workflow and information systems have been
reported.

An additional application for this technology is the development of a virtual
resource of histopathology images for educational purposes. Users of this
resource can view any part of an entire specimen at any magnification within a
standard web browser. The virtual slides can be supplemented with textual
descriptions, but can also be viewed without diagnostic information for self-
assessment of histopathology skills. Web-based virtual microscopy will probably
become widely used at all levels in pathology teaching [33]. Virtual microscopy
has significant advantages over real microscopy in education; it enables learning
and has been favorably received by students and teachers alike [34].

In conclusion, as the acquisition of high-quality virtual slides is still a time-
consuming task, the application of virtual microscopy in routine diagnostics
cannot be recommended at this time. With the arrival of fast and easy to use vir-
tual slide systems, we expect a significant change in telepathology application.
In the near future, the digital (virtual) slide will conclude the automatic process
from biopsy to digital archiving. As with biomedical technologies (MRT, PET,
sonography, CT, and termography) histology may be integrated into the digital
information systems for medical diagnostics, making these data available as part
of the patient’s electronic file.
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CHAPTER 8

HARMONIZING CANCER CONTROL IN EUROPE

ULRIK RINGBORG

Professor of Oncology, Karolinska Institute, Director of Cancer Center Karolinska, President,
Organization of European Cancer Institutes

Cancer is an increasing global problem. According to WHO statistics [1,2] in
2000 we had 10.1 million new cases in the world. In 2020 we expect to have
around 16 million new cases. During 2000 there were 6.2 million deaths due to
cancer and in 2020 we expect around 10 million deaths unless we act more effec-
tively. In 2000 there were 22.4 million people living with cancer. No doubt can-
cer diseases are causing an increasing problem worldwide and the problem is a
fact also for Europe.

If we go to Sweden the incidence increase over the last decades has been 1.2%
per year [3]. Of great interest is the prevalence trend. Sweden has had a prevalence
increase of 3% per year [4]. An important part of the increase is caused by patients
living longer with chronic disease. Thus, time-trends in survival show over time an
improvement and a part of this survival benefit contributes together with out-
come of prevention to decreased mortality. From an epidemiological point of
view, we have to realize that the cancer problem is increasing. Even if outcome is
improved we will have more patients with chronic disease living longer, which will
have an impact on the allocation of resources in the health care.

There are pronounced inequalities in Europe. Mortality rates due to cancer
are changing in a positive direction in most European countries, but not all. The
decrease in mortality is also variable [5,6]. Estimation of survival after a cancer
diagnosis shows pronounced differences if European countries are compared
[7]. At the Conference organized by the Organization of European Cancer
Institutes (OECI) in Piraeus, Greece, 2005 the problem of inequalities in Europe
was discussed. It was concluded that there are pronounced differences, a
problem which must be solved.
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1. PROBLEMS IN EUROPEAN CANCER CARE AND RESEARCH

European cancer care is often criticized because it is fragmented. A unique
feature of the cancer care is the complexity of needs of cancer patients. A frag-
mented health care organization is related to an insufficient global view of the
patient. The cancer care is getting more complex over time due to new diagnos-
tic tools and treatments. A serious criticism overall is a suboptimal implemen-
tation of new diagnostic and treatment methods.

European cancer research is also often criticized due to fragmentation. An
important reason is the funding system in Europe, which does not stimulate
enough collaboration and may even allow iteration of research. It is often said
that the research has a limited effect on cancer care and prevention. This is prob-
ably correct, but mainly not dependent on the research. The limiting factor is
often the health care, which suffers from an insufficient organization for imple-
mentation of new methods.

Nevertheless there are a number of research problems. There is a rapid expan-
sion of knowledge in basic research. Due to the health care organization there
are often restrictions for the clinical research. A bottleneck in the research
process is the possibility to run clinical trials. Quite few cancer patients are
involved in clinical trials. Further, there is a need to develop biologically driven
clinical trials, which requires more specialized infrastructures not available in all
hospitals. By tradition there is a gap between the basic and clinical research, a
gap, which is preserved both by the funding mechanisms and education.
Education is of great importance due to the rapid development in the basic
research areas. It is therefore difficult for clinicians to follow this rapid develop-
ment. It is also difficult for basic researchers to have insights in relevant clinical
questions. There is a need to speed up the research process with the aim to
shorten the time duration from important basic discoveries to implementation
of new clinical knowledge based on these discoveries.

At present we are able to cure about 60% of patients with a cancer diagnosis.
With a failure in about 40% of patients innovation is of great importance.
Between a research result and a medical product there is a process named deve-
lopment. There may be significant differences if we compare outcome in a clin-
ical trial on a selected group of patients and in routine care where all patients
are treated. Therefore, new research information must be introduced into clini-
cal practice in an organized way to make evaluation in clinical practice possible.
The innovative potential of the cancer care organization is today far from opti-
mal. This is demonstrated in a recently performed Pan-European comparison
regarding patient access to different cancer drugs [8]. An analysis of introduc-
tion of anticancer drugs were compared in 19 European countries. Main differ-
ences between countries were demonstrated and overall, the introduction of new
drugs, which has shown in clinical trials to be effective and are therefore regis-
tered, is a slow process. It is important to establish routines for introduction and
clinical evaluation of new drugs.



It is also important to realize that this phenomenon is not restricted only to
drugs. We often see unacceptable time durations when new diagnostic tools as
well as new treatment modalities of other types will be implemented in clinical
routine. The research potential in cell and molecular biology gives us enormous
possibilities to improve cytology and pathology. Innovations in physics give us
unique possibilities to develop imaging and radiation therapy. It is important to
strengthen and more carefully analyse methodology behind innovation. If we
are not able to use new research information for clinical implement them in an
optimal way, it will be difficult to argue for more resources for cancer research.

Research financing is a problem for Europe. If we go to USA about seven
times more public money is spent on cancer research [8,9]. Of interest is that the
allocation of research money in USA is better organized. The majority of
money is distributed to well functioning comprehensive cancer centers. In
Europe we have fragmented systems both for research and funding. In Asia a
number of research centers with tremendous financial support have grown up.
To be competitive it is important for the European cancer research centers to
find new ways to collaborate and we need more efficient ways to support fund-
ing. There are important advantages for research in Europe. There is an impor-
tant intellectual capital. There are also health care organizations, which may be
helpful to develop patient-oriented clinical research based on patient databases
and biobanks. The strong emphasis on basic research in Europe will in future
have an impact on the clinical research.

2. AIMS OF ACTIVITIES AGAINST CANCER

The overall aims of activities against cancer are reduction of mortality, reduc-
tion of morbidity, increase of survival, and increase of quality of life. The
importance of quality of life is increasing. As earlier mentioned, improved
treatments increase the survival of cancer patients, and their lives must be mean-
ingful. Often, treatments are complicated by side effects.

With a global view of the patient, quality of life must be more in focus. In
order to use all possibilities to reach the overall aims it is important to integrate
care, prevention, research, development, and education. Prevention strategies
should be used to a larger extend since it is often more efficient and more eco-
nomic to prevent disease than wait until treatment is a necessity. Effects of the
European code against cancer were recently demonstrated [10]. Encourage by
the outcome a new programme has started [11]. It is also more efficient to treat
early disease than advanced disease. We therefore need a rational balance when
we compare resources for prevention and care. In order to optimize the clinical
research integration between care and research is important and for innovation
development must be visible. The integration of education is a necessity not only
for the quality of care, but also for other cancer activities. An organization
where care, prevention, research, development, and education are integrated is
named comprehensive.
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3. EUROPEAN ORGANIZATION OF EUROPEAN CANCER
INSTITUTES FOCUS AT THE GLOBAL VIEW OF THE CANCER
PATIENT AND THE CANCER ACTIVITIES

The OECI is a nongovernmental and nonprofit organization. Recently it
became a European Economic Interest Grouping, which is a legal entity within
the European Union. The Organization at present links more than 80 cancer
institutes in Europe. OECI is working by developing a common vision of future
European oncology and has a programme for the development of comprehen-
siveness by integrating care, prevention, research, development, and education.
Important objectives for a cancer organization are quality, innovation, and eva-
luation. If quality aspects will be covered the global view of the cancer patient
is important. With a global view a consequence is multidisciplinarity in the diag-
nosis and treatment of cancer patients. For innovation the research should aim
at improving diagnostics, care, and prevention, i.e., translational research.
Continuous evaluation gives us the information about areas, which should be
developed.

For prevention and care we need a number of functions. Primary prevention is
mainly a public issue, not primarily linked to the care system. The secondary pre-
vention or early detection is on the other hand more linked to the care system. We
have to make a distinction between prevention, which is population based and
prevention focused at high-risk individuals. There are evidence-based programmes
for population-based screening [12]. There is also an increasing prevention acti-
vity, both primary and secondary prevention, focused at high-risk individuals
selected by diagnostic techniques in the health care system. For the care patho-
logy, cytology, imaging, and laboratory medicine are important. Treatment is
often multidisciplinary and includes surgical treatment, radiation therapy, and
medical oncology. Important areas are psychosocial oncology and rehabilitation.
Both for primary treatment but also palliation supportive care is a growing area
and palliative oncology is another important function. Palliative oncology is often
divided in an early phase where the cure is no longer possible but prolongation of
survival is the aim. The late palliative phase is characterized by symptomatic treat-
ments of different types, but without possibilities to prolong survival.

There are a number of research functions, which are important to improve the
situation for cancer patients in the long run. To cover the translational research
process we need laboratories for basic research as well as preclinical laboratory
research. There must be an organization for clinical trials. The patient databases
are getting more and more important as well as the biobanks. Combining work
with biobanks and patient databases with different genomic techniques gives us
extraordinary opportunities to develop molecular clinical epidemiology.
Outcome research must be established for quality assessment and identification
of needs in the care system.

Education activities in a cancer organization are of different types. Basic
training should aim to educate medical students and nurses to get a global view
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of the cancer problem. A cancer organization must have resources for specialist
training as well as continuous medical education. Research education is impor-
tant and we have to stress the need to increase the number of physicians with
a research education. Education of patients and relatives are getting more
important in future and it is also mandatory to give decision makers of differ-
ent types the relevant information for the future.

Obligatory characteristics of a cancer organization are the comprehensive-
ness. In several countries the comprehensive cancer centers are complete cancer
hospitals. In other countries the clinics treating cancer patients are localized in
regular hospitals, often in university hospitals. To be able to integrate research,
development, and education with care and prevention we need the construction
of virtual centers. In the countries where a comprehensive cancer center is a can-
cer hospital, a substantial number of patients are often treated at regular hospi-
tals in the surrounding geographic area. In order to offer the patients innovative
diagnostics and treatments but also to be able to include patients in clinical trials
a close cooperation between the cancer center and surrounding clinics is neces-
sary. It is also important that the cancer center has a contact with the university.
For clinical departments localized at university hospitals it is important to
develop a virtual organization, which will guarantee the comprehensiveness.
There are advantages and disadvantages with both types of organizations, cen-
ters as cancer hospitals and coordinated cancer centers. With the concept of
comprehensiveness in mind the necessary virtual organization should be estab-
lished and formalized. If not, Europe will continue to decrease the competition
potential compared with American oncology.

In future, oncology will to a larger extent require a closer collaboration
between clinical and preclinical researchers in order to establish a successful
translational research. It will also require the availability of detailed information
about patients but also biological materials in order to stimulate biologically
driven clinical trials and develop a more sophisticated clinical epidemiology. By
time the different cancer diagnoses are split in to increasing number of sub-
groups. The development of molecular pathology will probably enlarge the
number of subgroups and give us the possibility of treatment prediction. In this
perspective, all centers will be incomplete regarding number of patients as well
as advanced analytical methods. Therefore it is important to build cancer cen-
ters with a similar infrastructure and to stimulate collaboration between
European centers.

4. ACCREDITATION OF EUROPEAN CANCER CENTERS

With the aim to establish a European future vision of oncology OECI has started
a project for accreditation of cancer centers. The accreditation will be a volun-
tary process (self-assessment) to improve the infrastructure and quality of care.
It will include consensus upon defined guidelines and compliance with guidelines
will be the bases of labelisation, which includes an external assessment. There is
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a steering group with the following person: W van Harten (Amsterdam),
R Otter (Groningen), U Ringborg (Stockholm). M Sagatchian (Villejuif),
T Tursz (Villejuif) and D de Valeriola (Brussels). M Sagatchian is the chairper-
son for the project. The following persons are involved in the accreditation
working group: A Llombart-Bosch (Valencia), C Lombardo (Brussels), M de
Lena (Bari), B Maciejewski (Gliwice), Ch Mahler (Antwerp), Th Philip (Lyon)
and G Storme (Brussels). There are two project managers, H. Hummel
(Groningen) and N. Nabet (Villejuif).

The project has different parts. The first part will cover measurable charac-
teristics of the cancer centers including different infrastructures. In order to
describe quantitative aspects a questionnaire has been constructed and a second
version of the questionnaire with about 300 questions is processed further in
order to be validated. By the questionnaire it will be possible to establish a data-
base of cancer centers and institutes in Europe. Data will be collected for care,
prevention, research, and education.

For quality assessment a separate manual is under construction. There are
already a manual from France and another one from the Netherlands. At pres-
ent a work is ongoing to merge the two manuals in order to create a product,
which can be used at the European level. The questionnaire and the manual
will be harmonized in order to be complementary. With the accreditation
methodology it will be possible to create a labelisation system for cancer centers/
institutes in Europe with criteria for cancer units, cancer research institutes,
cancer departments, cancer centers, and comprehensive cancer centers. Later on
it will also be possible to identify criteria for excellence.

According to the time schedule the project will be finished within a 3-year
period and the methodology will be available for the cancer centers/institutes.
OECI is focusing on the global view of cancer activities, infrastructures, and
organization. The OECI accreditation methodology will be a core. In future it
will be extended to the specialized functions of a cancer center. It has already
been agreed upon collaboration with EORTC and the different FECS organiza-
tions with the aim to create a unified European collaboration on accreditation
with the aim to stimulate innovation of the European cancer activities with the
focus on present and future cancer patients.

5. SUMMARY

Harmonizing cancer control in Europe should be a win situation not only for
the cancer patients, but also for the different cancer research organizations. With
the common vision of European oncology it will be possible to formulate strate-
gic goals. One of these goals is the establishment of comprehensive cancer cen-
ters, either cancer hospitals or coordinated comprehensive cancer centers. It is
important to identify the necessary structures needed to increase the innovation
potential, and this includes not only care and diagnostic technologies but also
prevention. We need to establish a harmonized evaluation procedure. Positive
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outcome measurements are important to demonstrate the effects of research on
the treatment of our patients. For optimal innovation the establishment of
translational research environments at the cancer centers are mandatory. In
order to avoid fragmentation both in care and research, European collaboration
must increase.
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CHAPTER 9

THE DIAGNOSIS OF CANCER: “FROM H&E TO
MOLECULAR DIAGNOSIS AND BACK”

JOSE COSTA

Department of Pathology and Yale Cancer Center, Yale University School of Medicine, New Haven,
Connecticut, USA

1. INTRODUCTION

The diagnosis of a patient enables us to predict the fate of the person and to
decide the most effective course of treatment. This decision is based on knowledge
about the natural history of the disease and the characteristics of the patient.

In order to gain the required knowledge about the spontaneous course of dis-
ease, it is important to classify diseases in distinct categories; only then can we
begin to test the efficacy of different forms of therapy.

The classification of tumors has been driven by their site of origin combined
with their histopathological appearance. Until the last 25 years of the 20th century,
prognosis and therapy were essentially based on morphology (i.e., diagnosis, grad-
ing, and staging), but after 1975 the functional characteristics of the tumors begin
to play a role in the classification of disease. Monoclonal antibodies put molecular
entities at easy reach for histopathologists and different populations of cells diffi-
cult to distinguish on the basis of conventional stains can be dissected with relative
ease and precision on frozen or paraffin-embedded sections. Concomitantly basic,
mechanistic research on cancer cells began to unravel the molecular defects respon-
sible for the emergence and maintenance of the malignant phenotype and this
knowledgebase spawned the field of molecular diagnostics.

The capability to demonstrate the molecular alterations responsible for the
cancerous nature of a cell or tissue provides a novel and very precise criterion
for the diagnosis, prognosis, and classification of disease. Furthermore, in the
instances when the molecular defect can somehow be repaired or neutralized,
molecular diagnosis provides the indication for targeted molecular therapy. By
defining the molecular alterations present in cancer, irrespective of the
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morphology, we can build a molecular nosology. In this fashion we can establish
relationships between diseases that are very distant in terms of their manifesta-
tions. The efficacy of Gleevac to treat GIST, a tumor initially not targeted by the
drug, provides a dramatic example of the power of this approach.

Rapid technological advances including sequencing, genotyping (SNP’s),
functional genomics (expression arrays), and the other “omics” provide us with
“new microscopes” to analyze lesions found in tissues or molecular profiles in
biological fluids. By correlating the patterns seen in very large quantitative data
sets to the basic features of the disease we can further our knowledge and
change classification and diagnosis.

2. THE TENSION

Today, two facts challenge the time-honored preeminence of histopathology in
the diagnosis and classification of cancer: first objective and robust molecular
tests can provide the answer to patient management questions that make a dif-
ference; second the “new microscopes” provide insights not previously attain-
able by pure morphology.

The tension is thus set between these two major approaches (morphology vs
function at the molecular scale), but tension can serve to provide substantial
strength if one understands how to resolve it. Calatrava, among others, has
shown us how to build from tension!

3. RESOLUTION OF THE TENSION AT THE PRESENT TIME

The practice of oncologic pathology today has settled in a mode that can be
characterized by the judicious use of molecular diagnostics to augment the res-
olutive power of anatomical pathology. This “balanced mode” brings progress
both to surgical pathology and cytology.

Many diagnostic problems and clinically relevant questions in anatomical
pathology can be resolved using molecular techniques. The most widely used
involves comprehensive immunophenotyping of neoplasms. When the results are
nonconclusive analysis of structural genetic alterations such as rearrangements,
deletions or point mutations can “nail down” a diagnosis. Demonstration of
chimeric transcripts by RT-PCR contributes to the precise classification of soft
tissue and bone tumors when the phenotype is equivocal. Clonal markers serve
as convenient indicators of common origin and establish the relationship or inde-
pendence of metachronous disease. In some instances pathognomonic genetic
lesions not only provide sound and robust diagnostic evidence but also, as is the
case for oligodendrogliomas they contribute to guide therapy.

4. SOME POSSIBLE AVENUES FOR THE FUTURE

I like to suggest that the resolution of the tension between histopathological and
molecular diagnosis, thus the “way back,” can be found in Integrative Tumor



Biology. A discipline that uses the tools of computational biology to integrate
very diverse data sets concerning tumors and their hosts. This approach not only
furthers our understanding of tumors, but it also generates combinations of
parameters that yield predictive, personalized diagnosis, and therapies.

Integrative Tumor Biology makes two contributions; first, it enables the treat-
ment of complexity (e.g., systems biology/pathology); and second, it recognizes
space (e.g., tissue architecture) as a powerful determinant of the biology of disease.

Systems biology integrates quantitative interaction of all the elementary parts
constituting a whole, to examine and define the emergence of new properties
that stem from these dynamic interactions.

Space can act as a strong shaping force on the biology of cancer. The work of
Novak’s group illustrates how the size of the patches can change the composi-
tion of the cells that populate the patch. Empirical data and simulation studies
carried out in my laboratory indicate that the study of the dynamics among pop-
ulations of mutated somatic cells reflects both the degree of genetic instability
and the strength of selection.

There is yet another approach that may breathe life into morphology. I like to
return to the value of morphology by asking the question: “can rigorous mathe-
matical treatment of morphometric data reveal hidden structures in the data,
and are the patterns in themselves informative and clinically relevant?”

Until now we have apprehended the phenotype, color, and shape, using our
“onboard” computer. Our brain is wired to recognize patterns very efficiently,
but has trouble building the pattern from the quantitative analysis of the parts.
However it turns out that machine learning finds information encrypted in mor-
phology, information that is hidden from and cannot be accessed by our natural
powers.

The team headed by Saidi at Aureon Laboratories has presented evidence that
morphometric parameters that can be extracted from tissue possess fractal
structure, a structure that enables the distinction between normal and tumor
state. Aureon’s team has shown that automated image processing, data extrac-
tion, cleansing, and analysis can yield a diagnosis of normal versus tumor with
specificity superior to 90%. It is possible to think that this line of work may pro-
duce automated algorithms that could extract predictive information from
histopathology.

I would like to conclude by suggesting to you that the seamless integration of
form and function at the cell, tissue and organ level, will be achieved by func-
tional imaging. Here the in vivo study of form and function is truly fused and
can be carried out in a dynamic fashion. Until that moment we will have to
hobble along the best we can with some of the approaches here described.
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CHAPTER 10

FROM MORPHOLOGICAL TO MOLECULAR DIAGNOSIS
OF SOFT TISSUE TUMORS

MARKKU MIETTINEN

Department of Soft Tissue Pathology, Armed Forces Institute of Pathology, Washington, DC

Abstract: Cytogenetic discoveries of balanced translocations in soft tissue tumors have opened
the way to molecular genetic definition of these translocations as gene fusions from
the late 1980s. Many sarcomas are known to have such fusions, and the demonstration
of the fusion transcripts in tumor tissue is of great value in specific diagnosis of
synovial sarcoma (SYT-SSX), Ewing sarcoma (EWS-Fli1), clear cell sarcoma (EWS-
ATF1), myxoid liposarcoma (FUS-CHOP), and other sarcomas. These translocations
are believed to be disease-specific and pathogenetic forces, despite occasional
observations to the contrary. Demonstration of SYT-SSX and EWS-ATF1 fusion
assists in the diagnosis of synovial and clear cell sarcomas in unusual locations, such
as the gastrointestinal tract, where these tumors occur with low frequency.
Demonstration of sarcoma translocations and their fusion by different assays is well
established; use of in situ hybridization is limited by availability of specific probes. In
two exceptional instances, the same translocation and gene fusion occurs in two
unrelated diseases: ETV6-NTRK fusion in infantile fibrosarcoma and secretory
carcinoma of the breast, and ALK-TPM3 fusion in inflammatory myofibroblastic
tumor and large cell anaplastic lymphoma. Thus, the target cell of the genetic change
is an important factor to define the resulting disease. Activating mutations in two
related receptor tyrosine kinases (RTKs), KIT, and platelet-derived growth factor
receptor alpha (PDGFRA) is central to the pathogenesis of gastrointestinal stromal
tumors (GISTs), and countering the mutational activation by specific tyrosine kinase
inhibitors, such as Imatinib mesylate, is now standard treatment for metastatic GISTs.
KIT exon 11 mutations (in frame deletions, point mutations, and duplications) occur
in GISTs of all locations, whereas a characteristic exon 9 insertion–duplication
AY502-503 is nearly specific for intestinal vs gastric tumors. In contrast, PDGFRA
mutations are nearly specific for gastric GISTs, especially those with epithelioid
morphology. Mutation type influences therapy responsiveness, but fortunately very
few GISTs carry primarily Imatinib-resistant mutations. Secondary drug resistance
acquired during Imatinib treatment based on new, Imatinib-resistant mutations is a
major problem limiting treatment success. Loss of NF2 tumor suppressor gene in a
biallelic fashion is believed to be central in the pathogenesis of neurofibromatosis 2
(NF2) associated and sporadic schwannomas and meningiomas. The mechanism
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includes nonsense or missense mutation in NF2 gene, and loss of the other NF2 allele
as a part of losses in chromosome 22q. Schwannoma types may differ in their
pathogenesis: gastrointestinal schwannomas lack NF2 changes suggesting a different
pathogenesis. Intraneural and sclerosing perineuriomas display similar NF2 gene
alterations as seen in meningioma, indicating a similar pathogenesis and molecular
homology. Specific viral sequences of human herpesvirus 8 (HHV8) are diagnostic
markers for Kaposi sarcoma (KS), and are absent in angiosarcoma. Despite discovery
on simian virus SV40 sequences in mesothelioma as a possible pathogenetic factor,
recent studies suggest that the presence of these sequences may be artifactual and
based on common presence of some SV40 sequences as PCR contaminants.

Key words: Sarcoma, translocation, fusion transcript, gastrointestinal stromal tumor, mutation,
KIT, PDGFRA, schwannoma, perineurioma, NF2, human herpesvirus 8

1. INTRODUCTION

The purpose of this chapter is to review examples of application of molecular
pathology as a tool in the diagnosis of soft tissue tumors and understanding
their pathogenesis, and discuss problems related to the application of molecular
pathologic analysis. Examples of the different molecular changes include tumor
translocations, mutational activation of oncogenes, tumor suppressor gene
alterations, and presence of viral sequences.

2. TUMOR-SPECIFIC FUSION TRANSLOCATIONS IN SOFT 
TISSUE SARCOMAS

2.1. General comments

Cytogenetic studies form the mid-1980s and on revealed several recurrent
translocations in soft tissue sarcomas, such as t(X;18) in synovial sarcoma,
t(11;22) and others in Ewing family tumors, t(12;22) in clear cell sarcoma of ten-
dons and aponeuroses, t(9;22) in extraskeletal myxoid chondrosarcoma, t(11;22)
in desmoplastic small round cell tumor (DSRCT), t(2;13) in alveolar rhab-
domyosarcoma, t(17;22) in dermatofibrosarcoma protuberance, and t(X;17) in
alveolar soft part sarcoma, among others (Borden et al. 2003; Lasota 2003).
Thus, typical translocations occur in most sarcomas that are composed of mor-
phologically homogenous tumor cells with limited overall atypia. It is a great
tribute to morphological pathologists that many of the earlier described tumor
entities have been confirmed as distinct genetically defined entities with a spe-
cific translocation — in fact in every case, description of the cytogenetic changes
was preceded by morphological definition of the tumor.

In contrast to many of the morphologically homogeneous tumors, no
tumor-specific translocations are known for sarcoma types generally charac-
terized by high degree of atypia, such as leiomyosarcoma, malignant peri-
pheral nerve sheath tumor, pleomorphic liposarcoma, and malignant fibrous
histiocytoma.



2.2. Molecular diagnosis of sarcoma translocations

Sarcoma translocations often lead to fusions between functional domains
of two different genes, resulting in formation of pathologic fusion transcripts
and ultimately fusion proteins many of which act as aberrant transcription
factors and are key pathogenetic factors. Many of these genes encode for
nucleic acid-binding nuclear proteins such as transcription factor, or other
regulatory proteins.

Molecular diagnosis of sarcoma translocations is possible by PCR-based
methods that detect gene fusions or their fusion transcripts. Although sensi-
tive and often feasible in formalin-fixed and paraffin-embedded tissue, these
methods may have a problem of false positive results due to cross contamina-
tion of DNA or cDNA templates, especially if nested amplification is used,
because the sizes and sequences of the PCR-products are generally identical.
Fusion transcript assays require recovery of RNA, because the breakpoints
are either unknown or too variable to be practically detectable at the genomic
DNA level by PCR-based methods. However, Southern blot analysis is feasi-
ble for detection of these gene rearrangements in genomic DNA from fresh or
frozen tissue.

The fact that many sarcoma translocations involve the Ewing sarcoma (EWS)
gene in 22q12 as one of the translocation partners, offers a unique approach for
diagnosis by detection of the breakage of the EWS gene in a fluorescent in situ
hybridization (FISH) assay by a “break apart probe” (Lee et al. 2005). Although
this assay does not detect the specific fusion transcript and would not specifi-
cally identify the type of fusion, it can be very useful to distinguish tumors with
EWS break from their mimics that do not have such a break, e.g., in the differ-
ential diagnosis of Ewing sarcoma and poorly differentiated synovial sarcoma,
because the latter has normal configuration of the EWS gene.

Although in general, sarcoma translocations are disease specific, there are
two intriguing examples of the same translocation and gene fusion being pres-
ent in two unrelated tumor types. One of these examples is the ALK-TPM3
fusion, which has been detected in inflammatory myofibroblastic tumor and
large cell anaplastic lymphoma (Lawrence et al. 2000; Cools et al. 2002).
Another example is ETV6-NTRK3 fusion translocation in infantile fibrosar-
coma that also occurs in secretory carcinoma of the breast, an uncommon vari-
ant of ductal breast carcinoma that has a predilection to young women
(Knezevich et al. 1998; Tognon et al. 2002). These examples illustrate that a
tumor translocation is not always disease specific and that the same molecular
lesion can produce a different disease in a different target cell.

2.3. Synovial sarcoma

Synovial sarcoma fusions involving SYT-SSX1, SYT-SSX2, or very rarely SYT-
SSX4 genes, are specific for this tumor. Biphasic variants typically involve
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SSX1, whereas monophasic variants can have SSX1 or SSX2 type fusions.
Although initially fusion involving SSX2 were believed to be associated with a
better prognosis, more recent large studies cast some doubt on that (Ladanyi
2001; Ladanyi 2002; Guillou 2004).

Molecular diagnosis is useful in confirming a poorly differentiated synovial
sarcoma, which morphologically and immunohistochemically can simulate
other sarcomas, especially Ewing family tumors, often also being CD99 positive.
The lack of epithelial markers in some of these tumors adds to diagnostic diffi-
culty and need to perform molecular diagnostic studies.

Also, diagnosis of synovial sarcoma in unusual locations, such as stomach,
may need support of an independent molecular diagnosis. Indeed, there are gas-
tric tumors that are histologically, immunohistochemically, and molecularly
identical with the peripheral synovial sarcomas. Apparently only 1 case of pri-
mary synovial sarcoma of stomach has been reported so far (Billings et al.
2000). We have identified six cases among tumors originally believed to be “gas-
tric leiomyosarcomas.” Long survival in some patients mitigates against
metastatic nature of the tumor.

Minute synovial sarcoma of hands and feet <1 cm is a diagnosis that can
meet skepticism of clinicians, because these tumors are typically clinically
believed to be benign processes; we recently analyzed 21 such biphasic and
monophasic tumors and demonstrated SYT-SSX fusions to support the unex-
pected diagnosis.

Some reports utilizing PCR-based detection have suggested that 
other tumors, especially malignant peripheral nerve sheath tumors, and even
neurofibromas can also have SYT-SSX2 fusions (O’Sullivan et al.
2001). These reports have been met with skepticism and not confirmed by
others. The apparent detection of synovial sarcoma fusions may have
been result of differences in tumor classification, or false positive assay
resulting from PCR template contamination. Convincing arguments against
the occurrence of SYT-SSX fusion translocations in MPNST include lack
of cytogenetic evidence for t(X;18) translocation in any of these tumors, and
lack of reproducibility of such findings in other large series (Ladanyi et al.
2001).

What is synovial sarcoma, a sarcoma with truly epithelial differentiation: is
it more closely related to a carcinoma or mesothelioma? If we look the expres-
sion of markers, synovial sarcoma epithelia has features of both: it often has
calretinin and keratin 5 expression, similar to mesothelioma, although not
WT1 (Miettinen et al. 2001a, b). In our experience, markers more typical of
carcinomas, such as BerEp4 and occasionally CEA are also expressed, along
with a complex array of epithelial mucins, such as MUC1, MUC2, MUC5A,
and MUC6. Therefore, by expression of markers of epithelia and mesothelia,
synovial sarcoma has unique hybrid features not present in any normal
cell type.
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2.4. Desmoplastic small round cell tumor

One of the more recent sarcoma entities, DSRCT, was discovered based on
its distinct immunohistochemical profile by Rosai and his coworkers (Gerald
et al. 1991). This intra-abdominal small round cell tumor in children and young
adult was previously variably believed to be carcinoid tumor, neuroblastoma,
Ewing sarcoma, or rhabdomyosarcoma. The tumor was discovered as a small
round cell tumor with nested growth pattern with a desmoplastic stroma, and
the tumor being simultaneously keratin-desmin and NSE-positive, showing mul-
tidirectional differentiation. Presentation in children and young adults as an
intra-abdominal tumor made DSRCT also a cohesive clinicopathological entity
(Gerald et al. 1991). Soon the t(11;22) translocation was discovered in, but it was
found to be different from the t(11;22) of Ewing sarcoma by the breakpoint in
chromosome 11 being in p13 in the short arm (and not in the q24 in the long
arm, as in Ewing sarcoma). Soon followed identification of the breakpoints
involving Wilms tumor gene (WT1) in 11p13 and EWS gene in 22q (Ladanyi
et al. 1994); it took less than 3 years to proceed form the initial description of
the entity to the discovery of its specific gene fusion and molecular pathogene-
sis. In this tumor, WT1 gene (tumor suppressor gene in Wilms tumor) is highly
expressed to be a diagnostic marker not present in other small round cell tumors
(Barnoud et al. 2000).

Subsequent discovery of identical tumors in the pleural cavity (Parkash et al.
1995), and the fact that DSRCT shares a number of features, coexpression of
keratins and desmin and WT1-expression with mesothelial cells, especially the
fetal ones (van Muijen 1987), raises the intriguing possibility that this tumor
typically occurring in the serous cavities, could be related to mesothelial cells
and their tumors.

2.5. Clear cell sarcoma

Clear cell sarcoma of tendons and aponeuroses, originally described by
Enzinger (1965), is a rare sarcoma of peripheral soft tissues usually occurring in
young subjects in distal extremities, often in association with tendons. This
tumor has some biologic relatedness to melanoma, although it differs from
melanoma in some respects. Although gene expression profiles of clear cell sar-
coma and melanoma have many similarities (Segal et al. 2003), the occurrence
of typical translocation is specific for clear cell sarcoma.

The t(12;22) translocation with EWS-ATF1 fusion characterizes clear cell sar-
coma. Intestinal clear cell sarcoma is an unusual mesenchymal tumor that
occurs in both stomach and intestines. Some of these tumors contain osteoclas-
tic giant cells, and in these, the presence of clear cell sarcoma translocation
t(12;22) has been cytogenetically confirmed (Zambrano et al. 2003). In our
experience, these tumors occur in a frequency of 1 for every 300 GI stromal

FROM MORPHOLOGICAL TO MOLECULAR DIAGNOSIS 103



tumors. They are S100-positive and KIT-negative tumors that in contrast with
peripheral clear cell sarcoma often lack HMB45-positivity.

3. ACTIVATING RECEPTOR TYROSINE KINASE MUTATIONS:
GASTROINTESTINAL STROMAL TUMOR AS AN EXAMPLE

3.1. Introduction

RTKs are key molecules in signal transductions pathways, where a growth
factor signal initiates activation of the receptor and transmission of the activa-
tion to cytoplasm and nucleus by a number of downstream signaling proteins.
There are approximately 60 RTKs of different types (Pawson et al. 2002). A
receptor activated in many carcinomas is human epidermal growth factor recep-
tor (HER). The best known activated receptors in soft tissue tumors are KIT
and PDGFRA in GISTs.

3.2. Background on gastrointestinal stromal tumors

GISTs are the most common mesenchymal tumors of the GI tract; they typi-
cally express KIT, and comprise a great majority of tumors previously classified
as gastrointestinal smooth muscle tumors. GISTs occur throughout the GI tract,
most commonly in the stomach and small intestine. These tumors are currently
the best known examples of soft tissue tumors with activating RTK mutations.
This finding has a great clinical significance because of the availability of effec-
tive KIT inhibitor, Imatinib mesylate, as an effective treatment for metastatic
and unresectable GISTs (Demetri et al. 2002). Unfortunately, this success has
been tempered by common development of drug resistance, by acquired new
mutations and rarely by KIT gene amplification over 1–2 years after institution
of the therapy (Chen et al. 2005; Debiec-Rychter et al. 2005).

3.3. KIT and PDGFRA as oncogenes

KIT and PDGFRA are structurally and evolutionally closely related type III
RTKs. Both are growth factor receptors that are the starting points for receptor-
initiated cell signaling pathways. Under normal circumstances, these receptors
are activated (= phosphorylated) by binding of their respective ligands (stem cell
factor for KIT and PDGF alpha for PDGFA), and they then activate down-
stream target proteins by phosphorylation in a cascade-like manner. Activation
of the signaling pathways leads to changes in cellular motility, prevention of
apoptosis, and promotion of cell proliferation (Ronnstrand 2004). Activating
mutations cause activation of KIT signaling independent of ligand binding, and
similar mechanism is operational with many other oncogenes.

Activating mutations in KIT and PDGFRA are driving forces in GIST onco-
genesis. This hypothesis has been confirmed at several levels approaching the
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fulfillment of criteria analogous to Koch’s postulate for infections. First, most
GISTs have either KIT or PDGFRA mutations, and second, introduction of
mutation specific for GISTs in lymphoblastoid cell lines causes them to proli-
ferate (Hirota et al. 1998). Third, transgenic mice with introduced GIST-type
KIT mutations develop a GIST-tumor syndrome (Sommer et al. 2003; Rubin
et al. 2005). The presence of KIT mutations in already very small tumors also
supports the initiating role of mutation (Corless et al. 2002), although other fac-
tors are probably also involved. There are characteristic genomic losses in GIST,
commonly those of copies of chromosome 14 and 22. Their specific role in
pathogenesis is not yet clear (El-Rifai et al. 1996).

3.4. KIT mutations is GIST

Approximately 60–65% of GISTs have KIT mutations, and 15% have PDGFRA
mutations that are mutually exclusive. KIT mutations are clustered in a small
number of hotspots that include exon 11, exon 9, exon 13, and exon 17 in the
order of frequency. PDGFRA mutations occur in homologous exon positions,
including exons 12, 14, and 18; the latter is most commonly mutated in this gene.
Common to these mutations is that they preserve the reading frame and produce
a mutant protein that renders constitutional activation to KIT or PDGFRA.
Most KIT mutants are responsive to Imatinib mesylate inhibitor treatment,
but some, especially the rare exon 17 mutations are primarily resistant (Corless
et al. 2004).

A great majority (>90%) of KIT mutations occur in exon 11 (juxtamembrane
domain). The juxtamembrane domain mutations apparently disturb this alpha heli-
cal domain of KIT leading to constitutional KIT activation (Longley et al. 2001).

KIT exon 11 mutations include in-frame deletions most commonly involving
the region of codons 555–560. Missense point mutations in the same range and
almost exclusively involve codons 557, 559, and 560. Codon 576 in 3′ part of
exon 11 is less commonly involved. Both types of mutation occur in GISTs of
all sites. In gastric GISTs, tumors with KIT exon 11 point mutations have a bet-
ter prognosis than those with in-frame deletions (Miettinen et al. 2005a, b, c),
but in our experience, small intestinal GISTs there seems to be no similar prog-
nostic difference between tumor with KIT exon 11 deletions vs point mutations.

Internal tandem duplications (ITDs) that add genetic material typically occur
in the 3′ portion of exon 11, most commonly in gastric GISTs and very rarely in
small intestinal tumors. Tumors with these mutations have a generally favorable
behavior, and in the stomach, they often represent mitotically inactive and
collagen-rich tumors (Lasota et al. 2003b).

KIT exon 9 mutation involving a two-codon insertion/duplication AY502-503
in the extracellular domain is a relatively rare but clinicopathologically distinc-
tive KIT mutation. It occurs almost exclusively in intestinal vs gastric GISTs,
and its frequency among the small intestinal GISTs is approximately 10%
(Lasota et al. 2000; Lasota et al. 2003c; Antonescu et al. 2003). Tumors with this
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mutation are not morphologically separable from other small intestinal GISTs.
Although tumors with this mutation generally have an unfavorable prognosis,
their behavior is not statistically different from small intestinal tumors with
other types of KIT mutations in our experience. Therefore, the adverse prog-
nostic of the tumors with the exon 9 mutations is related to the more commonly
adverse outcome of small intestinal (vs gastric) GISTs.

3.5. PDGFRA mutations in GIST

PDGFRA mutations occur almost exclusively in gastric and not in the intestinal
GISTs. These mutations have a strong predilection to gastric GISTs with epithe-
lioid morphology (tumors formerly often designated as leiomyoblastomas), and
their overall frequency may be as high as 15% of all gastric GISTs (Heinrich
et al. 2003; Corless et al. 2004; Lasota et al. 2004). Unfortunately, antibodies for
consistent immunohistochemical demonstration of PDGFRA by immunohisto-
chemistry are not currently available.

Most commonly, PDGFRA mutations occur in exon 18 of PDGFRA, and a
great majority of these are point mutations D842V. Less commonly, they involve
exon 12, where in-frame deletions similar to those in the homologous KIT exon
11 occur.

GISTs with PDGFRA mutations have a generally favorable prognosis, which
partly relates to the fact that gastric GISTs are more favorable than the small
intestinal ones. Exon 12 deletions are rare; the number of reported cases does
not allow reliable comparison between them and other mutants (Lasota et al.
2004). It remains to be seen how the differential gene expression profiles
between KIT and PDGFRA mutant GISTs is related to different behavior of
these tumors (Antonescu et al. 2004, Subramanian et al. 2004).

There is a very small group of gastric GISTs (<1%) that have PDGFRA exon
14 mutations. These seem to be associated with better prognosis than expected
based on size and mitotic rate parameters (Lasota et al. in press).

3.6. Unusual GIST subgroups that lack KIT and PDGFRA mutations

There are at least two clinicopathologically distinctive subgroups of GISTs that
lack KIT and PDFGRA mutations: GISTs in children and neurofibromatosis1
patients. Thus, the pathogenesis of these GIST subgroups is currently unknown.

GISTs in children are very rare. In this age group, GISTs occur almost exclu-
sively in the stomach, and are more common in girls. Prognosis is unpredictable,
and there is often a long course of disease, with metastases developing over
10–20 years or more; even patients with liver metastases can have a long survival
(Prakash et al. 2005; Miettinen et al. 2005a, b, c). A small number of childhood
GISTs occurs in connection with Carney triad, a syndrome-combining GIST
with pulmonary chondroma, paraganglioma, or both (Carney 1999).

Neurofibromatosis 1 is the most common autosomal dominant disorder, rep-
resenting the most common tumor suppressor gene syndrome (Viskochil 2002).
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Multiple neurofibromas are typical, and development of malignant peripheral
nerve sheath tumors is one of the major complications.

Of some reason, NF1 patients commonly develop GISTs, with the risk of this
occurrence estimated to be over100-fold (Andersson et al. 2005). In this patient
population, the clinicopathological spectrum of GIST is distinctive: occurrence
of multiple, often small GISTs typically in the small intestine. These patients
more commonly have a good prognosis, but of some reason, those with duode-
nal GIST have more frequently progressive disease (Miettinen et al. in press).
The NF1 patients show diffuse Cajal cell hyperplasia that most likely is a pre-
cursor stage for GISTs, somewhat similar to that seen in patients with familial
GISTs or transgenic mice with constitutional KIT mutations.

4. NF2 TUMOR SUPPRESSOR GENE ALTERATIONS IN SCHWANN
CELL AND RELATED TUMORS

4.1. General comments on tumor suppressor genes

A number of genes regulating cellular growth and proliferation have been found
contributing to tumor pathogenesis upon their inactivation. Such inactivation
typically is biallelic, and mechanism of inactivation includes most commonly
allelic losses and mutations. Examples of tumor suppressor genes include
retinoblastoma gene, neurofibromatosis 1, and NF2 genes. The original concept
was devised by Knudson (1971) on hereditary retinoblastoma as an epidemio-
logically based hypothesis before the actual retinoblastoma gene alterations
were discovered.

4.2. Neurofibromatosis 2 gene

NF2 gene is located pericentromerically in the long arm of chromosome 22q12.
It encodes for a cytoskeleton-associated protein merlin (also known as
schwannomin) that regulates the growth of schwann cells and related cells (Xiao
et al. 2003). Patients with the hereditary NF2 syndrome typically have an inacti-
vating NF2 mutation, leading to loss of one fuctional allele. Tumors developing
in NF2 syndrome: vestibular schwannomas, meningiomas, and pilocytic astrocy-
tomas, usually have somatic allelic losses of the other copy of NF2 protein, lead-
ing to the loss of both NF2 alleles in the scheme of a recessive tumor suppressor
gene requiring inactivation of both alleles for loss of function. Type of NF2 muta-
tion with different degrees of NF2 alterations varying from total loss to alteration
is a factor determining the severity of NF2 disease (Ruttledge et al. 1996).

4.3. NF2 alterations in schwannoma and meningioma

In addition to being a typical feature of the NF2 syndrome-associated
schwannomas, peripheral schwannomas and meningiomas have similar alter-
ations as somatic changes: e.g., allelelic losses of chromosome 22q, including the
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NF2 locus, and nonsense or missense mutations of NF2, rendering both NF2
loci nonfunctional (Baser et al. 2003).

4.4. Gastrointestinal schwannoma

Gastrointestinal schwannomas are rare, distinctive nerve sheath tumors specific to
the GI tract. Especially in earlier days, these tumors were routinely confused with
gastrointestinal stromal and smooth muscle tumors. However, these tumors are
negative for KIT and positive for S100 protein. They usually occur in the stomach
or colon in older adults, and have characteristic histological features, including
peripheral lymphoid cuff, microtrabecular pattern, and focal nuclear atypia
(Daimaru et al. 1988; Miettinen et al. 2001a, b). These tumors arise from the auto-
nomic nervous system schwann cells in the walls of stomach or intestines. GI
schwannomas have neither losses of NF2 allele nor NF2 mutations, indicating that
their pathogenesis (and possibly proper classification, at least in terms of molecu-
lar pathology) is different form classical schwannomas (Lasota et al. 2003d).

4.5. Perineurioma: an NF2 mutant tumor

Perineurial cell tumors (perineuriomas) are rare nerve sheath tumors that fea-
ture perineurial cell differentiation. Perineurial cells are EMA-positive spindle
cells that surround peripheral nerves and represent peripheral continuation of
pia arachnoid meningeal cells. Perineuriomas are typically composed of slender,
tapered spindle cells, in some cases forming onion skin-like formations, and in
other cases forming meningioma-like patterns or trabecular infiltrates. One of
their rare variants, intraneural perineurioma, is known to have losses in chro-
mosome 22q, but NF2 mutations have not been analyzed (Emory et al. 1995;
Brock et al. 2005). Sclerosing perineurioma is a distinctive, perhaps the most
common variant of perineurioma that typically occurs in hands and fingers of
young adults as a small nodule (Fetsch et al. 1997). Previously these tumors were
considered fibromas or sclerosing glomus tumors.

Sclerosing perineuriomas demonstrate allelic losses in 22q, and they also have
missense mutations in NF2 gene, indicating that they have molecular homology
with meningiomas (Lasota et al. 2001). However, similar mutations have not
been found in other variants of perineuriomas suggesting genetic and perhaps
conceptual heterogeneity.

5. VIRAL SEQUENCES IN SOFT TISSUE TUMORS

5.1. Kaposi sarcoma, angiosarcoma, and HHV8

The best documented example of viral presence and pathogenesis in human sar-
coma is HHV8 in KS. This gammaherpesvirus occurs in endemic, as well as
immunosuppression-associated KS, and it is more common in populations with
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higher frequency of this tumor, e.g., in Mediterranean region. HHV8 is believed
to be a key pathogenetic factor for KS by interfering with host tumor suppres-
sor mechanisms (Moore et al. 2004).

It has been somewhat contested whether HHV8 is truly specific for KS.
Some PCR-based studies have revealed it in some angiosarcomas (McDonagh
et al. 1996), whereas others did not find this virus in angiosarcoma or other
non-Kaposi type vascular tumors (Lebbe et al. 1997; Lasota and Miettinen
1999). Cross-contamination of PCR templates is a significant problem in
demonstration of viral sequences that are generally identical between positive
specimens and can lead to overreporting of viral sequences in PCR-based
studies.

Immunohistochemical demonstration of HHV8 viral proteins, especially the
latent nuclear antigen-1, is a practical way to assess the presence of these viral
sequences. Studies on vascular tumors have found consistent immunoreactivity
in KS. However, no HHV8-immunoreactivity has been found in angiosarcoma,
hemangioma, and other vascular tumors, indicating that HHV8 virus is gener-
ally not present in non-Kaposi type of vascular tumors and that its demonstra-
tion is useful for the differential diagnosis between KS and non-Kaposi type
vascular tumors (Cheuk et al. 2004; Patel et al. 2004).

5.2. Simian virus SV40 in mesothelioma

Several investigators have reported on simian virus 40 (SV40) sequences in
malignant mesothelioma, and its possible pathogenetic role has been suggested
(Pass et al. 2004). On the other hand, a recent report detecting SV40 sequences
as common SV40 laboratory contaminants, based on their presence in com-
monly used plasmids, has raised the question whether the significance of SV40
findings in mesothelioma has been overestimated (Lopez-Rios et al. 2004). The
role of SV40 as an etiopathogenetic factor for mesothelioma has also been ques-
tioned based on lack of increased mesothelioma risk in patients who received an
SV40-contaminated adenovirus vaccine (Rollison et al. 2004).
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Abstract: Multimodal treatment protocols are increasingly employed to improve the survival of
patients with locally advanced adenocarcinomas of the upper gastrointestinal tract,
however, only 30–40% per year of the patients respond to 5-FU and cisplatin-based
neoadjuvant chemotherapy. The goal of our studies is the identification of reliable
genetic markers, on the genomic DNA-level, mRNA, or protein level that could
predict response of upper gastrointestinal carcinomas prior to neoadjuvant
chemotherapy.

In esophageal carcinomas, a higher gene expression of methylenetetrahydrofolate
reductase (MTHFR), an enzyme involved in folate metabolism, was more frequently
found in responding patients. In addition high gene expression of caldesmon and of
the two drug carrier proteins, MRP1 and MDR1 was associated with response to
therapy. By performing a genome-wide profiling on the protein level in a small group
of patients, new potential markers were identified, which have to be validated in
ongoing studies.

In gastric carcinomas, mutations of the p53 gene revealed no association with
response or survival, but tumors with a high rate of loss of heterozygosity (LOH),
determined by microsatellite analysis, showed a better response to a cisplatin-based
chemotherapy. Analysis of expression of 5-FU-(e.g., TS, DPD, and TP) and cisplatin-
(e.g., ERCC1, ERCC4, GADD45A, and KU80) related genes, demonstrated an
association of DPD expression with response and survival. The combined
consideration of TP and GADD45 gene expression, showed the most obvious
association with therapy response in this tumor.

Our studies point to promising markers with potential use for chemotherapy
response prediction of adenocarcinomas of the upper gastrointestinal tract, but
prospective studies for validation are necessary.

Key words: Neoadjuvant chemothepy, carcinomas, gastrointestinal tract, LOH
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1. INTRODUCTION AND OBJECTIVE

Multimodal treatment protocols are increasingly employed to improve the sur-
vival of patients with locally advanced adenocarcinomas of the esophagus and
stomach. Neoadjuvant chemotherapeutic treatment, mainly based on cisplatin
and 5-FU, has been used since 1989 in several clinical trials and recently, a sta-
tistically significant improvement in respect to resectability, progression-free and
overall survival in operable gastric and lower esophageal cancer has been
demonstrated in a large randomized, controlled phase III trial (MAGIC trial)
[1]. However, only 30–40% of the patients respond to therapy and the majority
of patients undergo several month of toxic, expensive therapy without survival
benefit. In particular, in the case of esophageal carcinomas, it has been shown
that patients with nonresponding tumors seem to have an even worse prognosis
than patients treated by surgery alone, which may be related to therapy-induced
side effects, selection of chemotherapy-resistant, more aggressive tumor cells
and delay of surgery [2]. Thus, the identification of reliable genetic markers that
could predict response is highly demanding.

Several molecular markers had been investigated as potential response pre-
dictors. Thymidylate synthase as the target enzyme for 5-FU has been widely
studied for 5-FU-containing regimens in gastrointestinal cancer, but the results
are inconsistent [3,4,5]. Dihydropyrimidine dehydrogenase (DPD) and thymi-
dine phosphorylase (TP) are two other important regulatory enzymes involved
in the degradation of 5-FU, and low levels of DPD have been shown to be asso-
ciated with response in gastric carcinoma [5,6], whereas conflicting results have
been reported for TP.

The other major component used for the treatment of carcinomas of the
upper gastrointestinal tract is cisplatin, which supposedly directly damages
DNA. A significant association of the gene expression of the nucleotide excision
enzyme ERCC1, which is involved in DNA repair, with response to neoadjuvant
chemotherapy has been reported [4].

Other markers such as glutathione S-transferase, vascular endothelial
growth factor and apoptosis-related genes have been such as bcl-2, bax, and p53
have mostly been studied by immunohistochemistry, and the results have
been inconclusive, so that no markers has been found to be clinically relevant at
present [3,7].

Thus, the goal of our studies is to identify effective molecular markers for
response prediction for patients with esophageal and gastric carcinomas treated
by a neoadjuvant chemotherapy. We are using different strategies based on one
side, on targeted approaches to characterize pretherapeutic biopsies for tumor-
specific molecular alterations on the genomic DNA and mRNA-level. We also
analyze constitutional genetic factors, e.g., DNA-polymorphisms in therapy-
related genes. On the other side, we perform a genome-wide profiling on the
protein level, to identify new marker proteins.



2. RESULTS

2.1. Characterization of pretherapeutic biopsies of esophageal carcinomas

2.1.1. Analysis of m-RNA expression of therapy-related genes

In this study, paraffin-embedded, formalin-fixed endoscopic esophageal tumor
biopsies of 38 patients with locally advanced esophageal adenocarcinomas
(Barrett’s adenocarcinoma) were included. All patients underwent two cycles of
cisplatin and fluorouracil (5-FU) therapy with or without additional paclitaxel
followed by abdominothoracal esophagectomy. RNA expression levels of
5-FU metabolism-associated genes, thymidylate synthase, TP, DPD, MTHFR,
MAP7, ELF3, as well as of platinum and taxane-related genes Caldesmon,
ERCC1, ERCC4, HER2-neu, GADD45 and multidrug resistance gene MRP1
were determined using real-time RT-PCR. Expression levels were correlated
with response to chemotherapy histopathologically assessed in surgically
resected specimens.

The results demonstrated that the responding patients showed significantly
higher pretherapeutic expression levels of MTHFR (p = 0.012), Caldesmon (p =
0.016), and MRP1 (p = 0.007). In addition, patients with high pretherapeutic
MTHFR and MRP1 levels had a survival benefit after surgery (p = 0.013 and
p = 0.015, respectively) [8]. Additionally, investigation of intratumoral hetero-
geneity of gene expression of relevant genes (e.g., MTHFR, Caldesmon,
Her2-neu, ERCC4, and MRP1) — verified in nine untreated Barrett’s adeno-
carcinomas by examination of five distinct tumor areas — revealed no signifi-
cant heterogeneity in gene expression indicating that expression profiles
obtained from biopsy material may yield a representative genetic expression
profile of total tumor tissue [8].

Thus in conclusion, the results indicate that determination of mRNA levels
of few genes may be useful for the prediction of the success of neoadjuvant
chemotherapy in individual cancer patients with locally advanced Barrett’s
adenocarcinoma.

2.1.2. Differential quantitative ProteoTope analysis of fresh 
frozen biopsies

A comprehensive protein profiling approach, using the ProteoSys platform,
has been performed until now for a small group of patients. Quantitative 
and qualitative protein expression analysis was performed using 2D
ProteoTope techniques after radioactive labeling of the protein extract with 
I-125 and I-131. The results so far point to an interesting group of proteins,
which may be associated with response. Validation of specific proteins by immu-
nohistochemical analysis in a high number of cases is now part of ongoing
studies.
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2.2. Characterization of pretherapeutic biopsies of gastric carcinomas

2.2.1. Microsatellite analysis and p53 mutation analysis

We evaluated microsatellite instability (MSI) and LOH in 53 pretherapeutic gas-
tric carcinoma biopsies using 11 microsatellite markers. The entire coding region
of the p53 gene (exons 2−11) was analyzed for mutations by denaturing high-
pressure liquid chromatography (DHPLC) and sequencing. P53 protein expres-
sion was evaluated by immunohistochemistry. Patients were treated with a
cisplatin-based, neoadjuvant chemotherapy regimen. Therapy response was
evaluated by CT scan, endoscopy, and endoluminal ultrasound [9,10].

We identified p53 mutations in 19 of the 53 (36%) analyzed tumors. No sig-
nificant association with response or survival was found for p53 mutation or for
p53 protein expression. Microsatellite instability (either MSI-H or MSI-L) did
not show a correlation with response. With respect to LOH, LOH at chromo-
some 17p13 showed a significant association with therapy response (p = 0.022),
but did not reach statistical significance in terms of patient survival. The global
LOH rate, expressed as fractional allelic loss (FAL) was assessed and tumors
were classified into tumors with a high (>0.5), a medium (>0.25–0.5), and a low
(0–0.25) FAL-value. A statistically significant association of FAL with therapy
response was found (p = 0.003), with a high FAL being related to therapy
response.

Thus, a high level of chromosomal instability (high FAL-value) defines a sub-
set of patients who are more likely to benefit from cisplatin-based neoadjuvant
chemotherapy. p53 mutation status is not significantly associated with therapy
response and is not a useful marker for response prediction [9,10].

2.2.2. Methylation analysis

We investigated the methylation profile of six genes, which are frequently methy-
lated in gastric cancer (e.g., 14-3-3σ, E-cadherine, HPP1, Lysyl oxidase,
MGMT, and p16) for an association with response and survival in a set of 61
neoadjuvant-treated gastric cancer patients by bisulfite/methylation-specific
PCR using the TaqMan system. Only 46% of the patients showed tumor-
specific methylation signals in four or more genes. There was no significant cor-
relation of response with global methylation status or with any of the genes
alone. Patients with a low methylation status showed a tendency for response to
therapy and patients with no or only one methylated gene demonstrated a
statistically significant better survival (p = 0.027). This interesting finding raises
the question if the use of inhibitors of DNA methylation and/or histone
deacetylase inhibitors might represent a therapeutic alternative for gastric
cancer patients demonstrating a high methylation status in their tumors [11].

2.2.4. Analysis of mRNA expression of therapy-related genes

For gastric carcinomas we performed gene expression analysis, focusing on
genes related to the effects of 5-FU or cisplatin. Pretherapeutic, formalin-fixed
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and paraffin-embedded biopsies of 61 patients, who received a 5-FU and
cisplatin-based chemotherapy were included. The expression of the 5-FU-
related genes TS, DPD and TP and of the cisplatin-related genes ERCC1,
ERCC4, KU80 and GADD45Α were analyzed by quantitative real-time PCR.
The expression levels of single genes and of various combinations were tested
for an association with response and overall survival [5]. High DPD levels were
more frequently found in nonresponding patients and were associated with
worse survival. GADD45Α and TP levels demonstrated weak associations with
response, but GADD45Α expression correlated with survival. There was no
association with response to TS expression, but tumors with a high TS level were
associated with worse survival. The combination of GADD45Α and TP revealed
the strongest predictive impact. High expression values of TP and/or
GADD45Α were exclusively found in nonresponding patients (p = 0.002) and
were associated with a significantly poorer survival (p = 0.04).

Thus, in conclusion, the combined gene expression levels of TP and
GADD45Α represent a new parameter to predict the clinical outcome after
neoadjuvant chemotherapy in gastric cancer. The association of DPD expression
with response and survival underlines a predominant role of DPD to predict
5-FU sensitivity. The association of TS expression levels with survival, but not
with response, suggests an importance of this gene for tumor progression [5].

3. OUTLOOK

Although some of our studies point to promising markers with a potential use
in chemotherapy response prediction for adenocarcinomas of the upper gas-
trointestinal tract, prospective studies for validation are necessary before 
they may be used in clinical practice. As chemotherapy response is considered
to be highly complex, depending on tumor-specific characteristics as well as
on the constitutional genetic makeup of the individual patient, integrative
approaches for response prediction might be necessary. In addition the 
incorporation of early response evaluation by positron emission tomography
(PET) for the therapeutic decision together with molecular markers, might
result in superior sensitivity and specificity for a successful application of
an individual therapy-strategy for patients with upper gastrointestinal
malignancies.
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CHAPTER 12

INTEGRATING THE DIAGNOSIS OF CHILDHOOD
MALIGNANCIES
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Abstract: Significant progress has been made in understanding the molecular basis of pediatric
malignancies. Mechanisms of pediatric acute leukemia induction include
hyperdiploidy, aberrant expression of proto-oncogenes, and activation of trans-
cription factors or kinases by aberrant fusion genes. Molecular analysis of these
alterations has facilitated the recognition of distinct groups with different sensitivity
to therapy, and identified potential targets for antileukemic agents. Similar analysis of
pediatric soft tissue and bone tumors also resulted in the identification of specific
fusion genes, and their characterization has contributed greatly to understand their
biology. Molecular assays for these rearrangements have become important tools in
classifying these tumors, providing important prognostic data. However, the under-
standing of mechanisms involved in the pathogenesis of many other pediatric
malignancies, including some embryonal tumors — believed to arise due to pertur-
bation of the normal developmental program — is still vastly incomplete.

The Department of Pathology at Texas Children’s Hospital is one of the Children’s
Oncology Group (COG) reference centers for pediatric liver tumors. We have been
particularly interested in the biology of hepatoblastoma, the most common type of
pediatric liver tumor. Although a number of cytogenetic and molecular abnormalities
have been described for this type of embryonal tumor, its pathogenesis is still poorly
understood. In an attempt to explore the role of different signaling pathways in this
disease, we analyzed the expression patterns of different histologic subtypes of
hepatoblastoma using cDNA microarray analysis, qualitative reverse transcription,
polymerase chain reaction (QRT-PCR), and immunohistochemistry. Wnt signaling
pathway, critical both in development and in neoplasia, appears to be particularly
relevant in these tumors. Mutations of the β-catenin gene are present in over 90% of
hepatoblastomas, leading to activating transcription of a number of target genes. The
pattern of β-catenin expression and type of mutation in groups of tumors are crucial
to understand the corresponding differences in their gene expression profiles. Our
findings are consistent with a relationship between poor histologic phenotype and 
β-catenin activation, indicating the potential utility of targeted gene expression assays
to identify molecular events related to the pathogenesis and prognosis of
hepatoblastomas.
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Integration of clinical, morphologic, phenotypic, cytogenetic, and molecular data has
become the basis of novel prognostic prediction and therapeutic strategies in pediatric
leukemia. Similarly, integration of new genetic and molecular data with clinical, and
other diagnostic information will be crucial for accurate classification of pediatric
tumors, risk stratification, and successful development of new therapies for pediatric
oncologic patients.

1. INTRODUCTION

Significant progress has been achieved during the last few decades in under-
standing the molecular basis of numerous pediatric malignancies. In some
instances this has resulted in the development of genetic and molecular tests
that are being progressively integrated in the diagnosis and clinical management
of these patients.

The pediatric and adult cancer disease spectrum is different, as it is the stem
cell population targeted by mutations, the type and number of necessary muta-
tions to induce a fully malignant phenotype, and the internal homeostatic envi-
ronment of the host (developing vs a fully mature). All these result in a different
approach to diagnose pediatric cancer, as many of these processes lack mor-
phologic evidence of differentiation and are difficult to classify. Most of pedia-
tric cancer patients are enrolled in cooperative group therapy protocols (90% of
children in the USA), which are tailored to specific tumor types and subgroups,
often requiring assessment of biologic tumor markers [1].

2. PEDIATRIC HEMATOPOIETIC MALIGNANCIES

The best example of how the application of newly gained biological know-
ledge in a malignancy type has resulted in improvements in diagnosis, classi-
fication and clinical management, is pediatric hematopoietic malignancies.
True treatment success has been achieved in many pediatric acute leukemias
and lymphomas, much more so than for adult hematopoietic malignancies.
These differences in therapeutic success are probably due to a combination of
factors, including biological differences of the neoplastic processes, host-
dependent features and treatment strategies, and also a better understanding of
normal hematopoietic development and of the molecular pathology of these
malignancies [1,2].

2.1. Pediatric acute lymphoblastic leukemia

Pediatric acute lymphoblastic leukemia (ALL) is the most common malignancy
in childhood, representing approximately 50% of all pediatric cancers. During
the last decade a better understanding of normal hematopoietic development
and of the molecular events involved in leukemic malignant transformation, has
been achieved. As a result, significant improvements have occurred in our ability



to diagnose, subclassify and treat these patients. During the last decade the
survival rates have increased to close to 80% overall, as prognostic markers have
been identified and risk adapted therapeutic protocols have been implemented.
To the conventional methods of ALL diagnosis (morphology, cytochemistry,
and immunophenotyping) a number of genetic and molecular diagnostic tech-
niques have progressively become part of the diagnostic work-up and monitor-
ing of ALL patients, including one or several of the following: conventional
cytogenetics, southern blotting, polymerase chain reaction (PCR), fluorescence
in situ hybridization (FISH), and less commonly spectral karyotyping (SKY),
and comparative genomic hybridization (CGH) [3].

A small subset of important genetic abnormalities of variable frequency
(Table 12.1) have been identified in pediatric ALL, and are presently being used
in several clinical protocols for therapeutic stratification of these patients. The
presence or absence of a number of chromosomal rearrangements and the
resulting fusion genes are used as markers which, in combination with a number
of other clinical parameters (immunophenotype, DNA index, age, white cell
count, central nervous system or testicular involvement, and early response to
therapy) serve to assess these patients standard, high or very high clinical risk,
and to assign them to therapeutic protocols, accordingly [2].

Molecular testing in pediatric ALL fusion transcripts derived from chromo-
somal translocations has become critical for risk-stratification of patients and
optimizing treatment strategies. Patient-specific transcripts can also be used as
markers to monitor relapse or minimal residual disease.

Pediatric ALL has become the best example of integration of genetic and
molecular biological markers in routine diagnosis, risk assessment, and moni-
toring of pediatric cancer patients [3,4]. In the last few years, cDNA microarray
technology has been extensively utilized to identify distinct leukemia subtypes
that can be defined exclusively on their expression profiles [5]. This newly gained
knowledge has resulted in a number of challenges for the molecular testing of
pediatric ALL patients, the first one being the potential need for individual
molecular characterization of newly diagnosed leukemia patients. This will
require the implementation of multiplexed diagnostic assays, sufficiently sensi-
tive, efficient and cost-effective, requiring flexible new platforms to allow easy
inclusion of new markers as well as potential of expansion into proteomics and
pharmacogenomics testing.
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Table 12.1. Genetic abnormalities and risk assessment in pediatric ALL

Cytogenetics Fusion Frequency (%) Prognosis

t(9;22)(q34;q11.2) BCR/ABL 3–4 Unfavorable
t(4;11)(q21;q23) AF4/MLL 2–3 Unfavorable
t(1;19)(q23;p13.3) PBX/E2A 6 Unfavorable
t(12;21)(p13;q22) TEL/AML1 16–29 Favorable
Hyperdiploid >50 N/A 20–25 Favorable
Hypodiploid N/A 5 Unfavorable



Our Department at Texas Children’s Hospital is in the process of implementing
a new ALL translocations Bead-based Assay (Ambion/Luminex). This techno-
logy, a combination of multiplex reverse transcription, polymerase chain reaction
(RT-PCR) and detection of spectrally addressable fluorescent beads, allows the
analysis of multiple targets in a single well in a 96 well format. This high through-
put multiplexed assay is being implemented for the amplification and detection of
six common leukemia-associated fusion transcripts in a single well, with a very
short turnaround time (5 h) in a sensitive (reliably detects 1 fusion-transcript-
carrying leukemia cell in 100–1,000 cells) and cost-effective manner [6].

2.2. Lymphomas of children and adolescents

Malignant lymphomas represent the third most common pediatric cancer, and
between 8 and 10% of all pediatric malignancies. The four most common pedi-
atric lymphoma subtypes are Burkitt lymphoma (40%), lymphoblastic lym-
phoma (30%), diffuse large B-cell lymphoma (20%), and anaplastic large cell
lymphoma (ALCL, 10%) [7].

We will discuss briefly some of the most recent developments in the under-
standing of the biology of two subtypes of pediatric NHLs: ALCL and Burkitt
lymphoma, particularly those most relevant to their diagnosis.

2.3. Anaplastic large cell lymphoma

ALCL, previously designated as “Ki-1 lymphoma” for its characteristic CD30
immunoreactivity, is a most commonly T-cell non-Hodgkin lymphoma, repre-
senting between 10 and 15% of the total pediatric NHLs [7]. This lymphoma sub-
type was initially associated with the presence of a t(2;5) translocation, which was
cloned by Morris and colleagues, describing the genes involved in the resulting
fusion gene: the nucleophosmin (NPM) gene, located on chromosome 5q35, and
the anaplastic lymphoma kinase (ALK) gene, located on chromosome 2p23.
Aberrant expression of ALK protein, a novel receptor tyrosine kinase of the
insulin receptor family, is linked to tumorigenesis in ALK-positive ALCL, as well
as in some other tumors [8,9,10]. A number of other variant translocations involv-
ing at least six other ALK partner genes have been recently described (Table 12.2).
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Table 12.2. Anaplastic lymphoma kinase (ALK, 2p23) translocations
in ALCL

Abnormality Fusion gene

t(2;5)(p23;q35) ALK/NPM
t(2;22)(p23;q11.2) ALK/CLCTL
t(2;22)(p23;q11.2) ALK/MYH9
t(1;2)(q35;p23) ALK/TPM3
t(2;3)(p23;q21) ALK/TFG
t(2;17)(p23;q25) ALK/ALO17
inv(2)(q23q35) ALK/A TIC



Histologic identification of the typical ALCL anaplastic morphology or any
of its many morphological variants, in combination with phenotyping and char-
acteristic CD30 immunoreactivity, are used to initially identify these lesions.
Although a number of RT-PCR and FISH assays (ALK-specific FISH) are
available to document translocations associated with ALCL, immunohisto-
chemical detection of aberrant ALK protein expression is most commonly used
[11,12,13].

2.4. Burkitt lymphoma

Histologic identification of the Burkitt lymphoma or L3 ALL blasts morpho-
logy, immunophenotyping, and correlation with the presence of CMYC onco-
gene (8q24.12–q24.13) rearrangements are usually required for accurate
classification of these malignancies. Documenting these rearrangements can be
either done by conventional cytogenetics, identifying the presence of the t(8;14)
or variant translocations (t(2;8), t(8;22)), or C-MYC (8q24.13) oncogene
rearrangements by FISH. More recently, the application of chromogenic in situ
hybridization (CISH) probes to document CMYC oncogene rearrangements on
tissue sections, touch imprints, and other cellular specimens, has allowed the
simultaneous identification of the genetic rearrangement within their histologic
context [14].

3. PEDIATRIC SOLID TUMORS

The majority of pediatric solid tumors (differently to adult malignancies, more
commonly of epithelial origin) are either sarcomas or tumors of neuroectoder-
mal origin. Many of these lesions are difficult to accurately classify by morpho-
logical means, as they are frequently poorly differentiated or undifferentiated
neoplasms. Multiple diagnostic approaches are often required and ancillary
tests are necessary to confirm the initial diagnostic and clinical impression in
these patients.

Genetic abnormalities found in pediatric solid tumors include a number of
chromosomal translocations (and other chromosomal rearrangements as dele-
tion, inversions, and insertions) loss of tumor suppressor genes, amplification of
oncogenes, abnormal methylation, genomic imprinting, defective DNA repair
mechanisms, and telomerase activity. However, from the molecular diagnostic
point of view, only those recurrent, well-characterized genetic changes rigor-
ously correlated with specific tumor types and subtypes should be considered
for clinical use.

No specific genetic rearrangements have been identified in a proportion of
pediatric and adult sarcomas (Table 12.3). However, systematic cytogenetic
analysis of pediatric solid tumors identified a number of other with tumor-
specific chromosomal translocations (Table 12.4). Molecular cloning of these
rearrangements resulted in the characterization of their breakpoints and the
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identification of fusion genes, chimeric transcripts, and proteins that result of
these translocations. As a result of this, we have a better understanding of the
molecular mechanisms involved in normal development in some cases, and
malignant transformation of these tumors. Is also provided molecular patholo-
gists with genetic markers for tumor classification and is impacted therapy which
is becoming more risk-based and tumor specific. A number of translocation-
specific novel therapeutic strategies are also being evaluated for these 
patients [15].
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Table 12.3. Sarcomas with complex karyotypes

Osteosarcoma
Rhabdomyosarcoma

Embryonal
Pleomorphic

Leiomyosarcoma
Fibrosarcoma
High-grade undifferentiated pleomorphic sarcoma
Chondrosarcoma
Liposarcoma

Well differentiated/dedifferentiated
Pleomorphic liposarcoma

Malignant peripheral nerve sheath tumor
Angiosarcoma

Table 12.4. Most common translocations and gene fusions in sarcomas

Tumor Translocation Fusion gene

Alveolar rhabdomyosarcoma t(2;13)(q35;q14) PAX3-FKHR
t(1;13)(p36;q14) PAX7-FKHR

Alveolar soft part sarcoma t(X;17)(p11.2;q25) ASPL-TFE3
Clear cell sarcoma t(12;22)(q13;q12) ATF1-EWS
Congenital fibrosarcoma and t(12;15)(p13;q25) ETV6-NTRK3

mesoblastic nephroma
DFSP and giant cell fibroblastoma t(17;22)(q22;q13) COL1A1-PDGFB
Desmoplastic round cell tumor t(11;22)(p13;q12) WT1-EWS
Ewing and pPNET t(11;22)(q24;q12) EWS-FLI1

t(21;22)(q22;q12) EWS-ERG
t(7;22)(p22;q12) EWS-ETV1
t(17;22)(q12;q12) EWS-E1AF
t(2;22)(q33;q12) FEV-EWS

Inflammatory myofibroblastic tumor t(2;19)(p23;p13.1) ALK-TPM4
t(1;2)(q22–23;p23) TPM3-ALK

Myxoid chondrosarcoma, extraskeletal t(9;22)(q22;q12) EWS-CHN(TEC)
t(9;17)(q22;q11) RBP56-CHN(TEC)
t(9;15)(q22;q21) TEC-TCF12

Myxoid liposarcoma t(12;16)(q13;p11) TLS(FUS)-CHOP
t(12;22)(q13;q12) EWS-CHOP

Synovial sarcoma t(X;18)(p11;q11) SYT/SSX1/2/4



In addition of conventional cytogenetics and other karyotyping techniques
(such as CGH and SKY) a number of molecular techniques, including 
RT-PCR, FISH and more recently CISH are clinically applied for the identifi-
cation of tumor-specific chromosomal translocations, fusion genes, and fusion
transcripts. The advantage of conventional cytogenetic analysis is the large
amount of information provided by a complete karyotype, however it requires
alive, dividing cells, its resolution is low, is expensive and slow. Both RT-PCR
and FISH/CISH are affordable and fast tests, but noninformative if negative.
RT-PCR allows an unlimited number of primer to be designed, but requires
RNA obtained from the tissue tested. On the other hand, FISH/CISH probes
are limited and test results may be difficult to interpret. Other conventional and
ancillary techniques used for diagnosing pediatric solid tumors are included in
Table 12.5. Probably the most important element to remember when a number
of tests are incorporated for diagnosing these types of malignancies is that
molecular testing should always be used in the context of other diagnostic tests
and not used alone to arrive to a diagnosis [16].

The following section will mostly focus in tumor-defining chromosomal
translocations identified in two pediatric sarcomas: (1) synovial sarcoma and (2)
alveolar rhabdomyosarcoma (RMS). The most recent advances in the applica-
tion of molecular diagnostic testing to these two sarcoma types, carrying char-
acteristic, well-characterized chromosomal rearrangement with well-established
diagnostic, therapeutic and prognostic relevance, will be discussed.

3.1. Synovial sarcoma

Synovial sarcoma is an aggressive, relatively common sarcoma (approximately
10% of all soft tissue sarcomas) of unknown histogenesis that affects children
and young adults, with a slight male predominance [17,18]. The most common
sites involved are the limbs, and particularly areas adjacent to joints, although
they can arise in almost any area of the body (trunk, mediastinum, abdominal
wall, head and neck, lung, and pleura) [19,20,21,22]. Histologically there are two
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Table 12.5. Diagnostic methods for pediatric tumor diagnosis

Method Application

Light microscopy Mandatory in all cases
Immunohistochemistry First-choice ancillary, widely used
RT-PCR Most common Mol dx, now routine
FISH (CISH) Supplanting CG in many cases
ISH Specialized use (EBV)
Special stains Still useful in some cases
Electron microscopy Still widely used
Cytogenetics Needed if no FISH probes available
Molecular CG: SKY and CGH SKY useful in dx, CGH in LOH
Sequencing Rarely useful (p53 mutations)

Adapted from Triche T, Hicks JM, and Sorensen PHB [16].



subtypes of synovial sarcoma: (1) monophasic, composed of a spindle cells
component, or (2) biphasic, containing areas with variable degrees of epithelial
differentiation, form carcinoma-like to “occult” subtle cases.

Cytogenetically both monophasic and biphasic synovial sarcomas share a
recurrent reciprocal t(X;18)(p11.2;q11.2) translocation. This translocation fuses
the SYT gene from chromosome 18q11 to either of three homologous genes at
Xp11, SSX1, SSX2 and rarely SSX4 (only two cases have been described)
[23,24]. The SSX1 and SSX2 genes encode closely related proteins (81% iden-
tity). The N-terminal portion of each SSX protein exhibits homology to the
Kruppel-associated box (KRAB), a transcriptional repressor. Both the SYT-
SSX1 and the SYT-SSX2 hybrid transcripts encode fusion proteins in which the
C-terminal eight amino acids of the normal SYT protein have been replaced by
78 amino acids encoded by an SSX gene [25]. SYT and SSX proteins appear to
be transcriptional regulators primarily through protein–protein interactions
[26]. SYT acting as an activator of transcription and SSX as a repressor [27].

Cytogenetic studies on series of synovial sarcomas demonstrated a near-
diploid karyotype in a majority of the cases with the t(X;18)(p11.2;q11.2)
translocation as the sole cytogenetic abnormality present in approximately a
third of synovial sarcomas [28]. Other chromosomal changes include numerical
changes and no other recurrent structural abnormalities.

Molecular detection of SYT-SSX1 and two fusions has been demonstrated to
be of tremendous clinical value. PCR analysis demonstrated the presence of
SYT-SSX1 or SYT-SSX2 fusion transcripts in approximately 95% synovial sar-
comas examined, indicating that the detection of these hybrid transcripts by
PCR may represent a useful diagnostic method. Sequence analysis demon-
strated further heterogeneity in the fusion transcripts with the formation of two
distinct SYT-SSX1 fusion junctions and two distinct SYT-SSX2 fusion junc-
tions. Coexisting SYT-SSX1 and SYT-SSX2 has been reported in 10% SYT-
SSX-positive primary tumors [29].

Kawai et al. [30] found a relationship between the type of fusion transcript
and the histologic subtype (SYT-SSX1 associated mostly with biphasic, and
SYT-SSX2 with monophasic types) as well as with the prognosis, with a signi-
ficantly better metastasis-free survival associated with the SYT-SSX2 subtype.
Skytting et al. [31] suggested that the base pair differences between the SSX
transcripts may have biologic significance. The impact of the SYT-SSX fusion
type on the clinical behavior of synovial sarcoma has since become a subject of
scientific debate. Ladanyi et al. [32] found fusion type the single most significant
prognostic factor by multivariate analysis in patients with localized disease at
diagnosis for synovial sarcoma. However, a recently published European multi-
center, retrospective analysis study found that is histologic grade, but not SYT-
SSX fusion type, the most important prognostic factor determining these
patients prognosis [33]. Further studies, with careful clinical, morphologic, and
molecular correlation will be necessary to determine the significance of the
molecular fusion type in synovial sarcoma.
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3.2. Alveolar rhabdomyosarcoma

RMS, the most common soft tissue sarcoma in children, is a small round cell
tumor of skeletal muscle histogenesis, thought to arise as a consequence of loss
of growth control and differentiation of myogenic cells [34]. Their differential
diagnosis often depends of the identification of rhabdomyoblasts or the detec-
tion of muscle-specific proteins in the tumor cells [35,36,37]. Histologically three
main types of RMS can be identified: (1) botryoid; (2) embryonal; and (3) alve-
olar, associated with poorer prognosis. Separate categories have been established
for undifferentiated sarcoma, anaplastic and sarcoma NOS (not otherwise spec-
ified) subtypes.

Cytogenetic analysis revealed chromosomal abnormalities, primary aneuploi-
dies, in all subtypes of RMS. In the alveolar subtype two specific chromosomal
translocations have been identified. The t(2;13)(q35;q14) translocation can be
cytogenetically detected in approximately 60% of alveolar RMS [38,39,40]. This
translocation juxtaposes the Pax3 gene on 2q35, a transcription factor func-
tional during early neuromuscular development, to FKHR gene (also known as
FoxO1A) on 13q14. FKHR is a member of the forkhead family of transcription
factors [41,42,43]. As a result of this translocation the 5′ portion of the Pax3
gene, including an intact DNA binding domain, is fused to FKHR, resulting in
a chimeric transcript and protein containing the Pax3 DNA-binding domain
and the distal half of the fork head and C-terminal region of FKHR. A less
common variant of the translocation, fusing Pax7 gene (another member of the
forkhead family of transcription factors located on 1p36) to FKHR, and result-
ing in a t(1;13)(p36;q14) translocation, has also been associated with alveolar
RMS [44]. A third t(2;2)(q35;p23) translocation fusing Pax3 to nuclear receptor
co activator (NCOA1) gene [45] has been recently identified by gene expression
profiling.

Gene expression profiling has demonstrated the activation of a myogenic
transcription program by the Pax3/FKHR fusion oncogene and it is assumed
that these unique fusion genes activate the transcription of downstream genes,
ultimately responsible for the transformed phenotype seen in these tumors, how-
ever, the exact mechanism is still under investigation [46,47].

Molecular identification of these fusion transcripts, mostly using RT-PCR
assays and FISH are helpful in diagnosing these tumors, particularly when limited
diagnostic material available or when microscopic and immunohistochemical
findings are equivocal [48,49,50,51,52,53]. In a recent COG study, Pax3–FKHR
and PAX7–FKHR fusion transcripts were identified in a majority of alveolar
RMSs analyzed (77%), with the first being almost twice as common as the Pax7
fusion in these tumors [54]. Pax7 fusion genes are more often associated with
lesions in the extremities occurring in younger patients and have a better outcome
than those carrying a Pax3 fusion, representing another example of sarcomas
with fusion gene variants of apparent clinical relevance. Barr et al. [55] have
documented a true “fusion-negative” subset of alveolar RMS represented by
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genetically diverse subsets of tumors, including low-expressers of the common
fusion genes, fusion variants with other genes and true negative case.

Expression of myogenin in RMS has been associated with the alveolar sub-
type and worse prognosis [56,57].

4. OTHER PEDIATRIC SOLID TUMORS

4.1. Pediatric liver tumors: hepatoblastoma

Neoplasms of epithelial origin represent only a minority of pediatric malignant
solid tumors. Malignant tumors of the liver account approximately 1.1% of
malignant childhood tumors in the USA with hepatoblastoma being the most
common, particularly in early childhood [58].

Hepatoblastoma is an embryonal liver tumor, with an incidence that is still
rising, of 0.5–1.5 cases per million children per year [58]. The reason(s) for the
rising incidence are unclear, but may be due to combined effects of increasing
survival rates of extreme prematurity, as well as exposures to environmental tox-
ins in utero or early in life [59]. It affects children between 6 months and 3 years
of age, with nearly 90% of hepatoblastomas seen in the first 5 years of life, with
a distinct male predominance with a male to female ratio of 2:1.

Hepatoblastoma represents the most common type of primary pediatric liver
malignancy, and accounting for just over 1% of all pediatric cancers. These
tumors originate from immature liver precursor cells (hepatoblasts), and may
recapitulate some aspects of the liver development. Histologically, all hepato-
blastomas are composed of epithelial tissue, and about one third of them show
also focal mesenchymal differentiation. The epithelial component can be further
subdivided into four types: (1) pure fetal (31%); (2) embryonal (19%); (3) macro-
trabecular (3%); and (4) small undifferentiated (3%), with most of the tumors
showing a combination of more than one of these types.

Accepted staging systems include the conventional POG/CCG systems based
on postsurgical status, and the International/SIOP system of presurgical staging
[58]. The primary treatment of hepatoblastoma is surgical resection; however,
chemotherapy plays an important role by increasing the number of tumors that
are resectable. Both staging and histology play important roles in determining
the prognosis in these patients. Virtually 100% of patients with Stage I (com-
pletely resected at diagnosis), favorable histology (i.e., pure fetal type), survive,
while the survival rates of patients with Stage IV tumors (distant metastases at
diagnosis) of all histologies is 0–27%. Patients with low stage tumors that
demonstrate unfavorable histology (i.e., small cell), usually recur, and have poor
overall prognosis [60]. With chemotherapy, there is an 85% survival rate for
Stage III hepatoblastomas having diverse histology [58]. The characterization of
gene expression profiles of tumor cells from the treatment failure cases versus
the responsive tumors, as well as those of the tumor cells that remain viable after
effective chemotherapy, is an ultimate goal of the longer-term project.
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Some hepatoblastomas have been associated with constitutional genetic
abnormalities, congenital malformations, and familial cancer syndromes, such
as Beckwith-Wiedeman syndrome (BWS), familial polyposis coli (FAP), and
rare cases of Prader-Willi and Li-Fraumeni syndrome, but most cases are spo-
radic [58,61]. Multiple cytogenetic and molecular cytogenetic abnormalities
have been described especially in sporadic hepatoblastoma. These include: (1)
extra copies of chromosomes 2q and 20; (2) frequent chromosome breaks at
1q12-q21 and 2q35–37; and (3) chromosomal CGH-based descriptions of gains
of material on chromosomes 1, 2, 7, 8, 17, 20, and 22q as well as loss of 4q mate-
rials [58,62,63]. The clinical significance of such observations is unclear. They
are, therefore not incorporated into any of the staging or grading systems. One
of the long-term goals of this project is to correlate these molecular cytogenetic
changes both with gene expression changes, and overall clinical behavior.

Activation of the canonical Wnt signaling pathway is a consistent finding in
hepatoblastoma. The Wnt pathway has long been known to direct growth and
pattering during embryonic development, as well as being one of the key sig-
naling pathways regulating cell growth, motility, and differentiation [64,65]. This
pathway has also emerged as a critical regulator of stem cells [66] integrally
involved in tightly regulated self-renewal of stem and progenitor cells, as well as
cancer development in the digestive (intestinal) epidermal and hematopoietic
systems [67]. Nuclear β-catenin is the hallmark of Wnt signaling activation.
β-catenin is an important scaffolding protein involved in both cellular adhesion
and as the central regulator of canonical Wnt target gene transcription [68]. In
quiescent cells, β-catenin is bound to the cellular membrane by E-cadherin and
also to α-catenin, thus linking cellular adhesion to the cytoskeleton.
Cytoplasmic β-catenin is maintained at a low level by a degradation complex
including APC, Axin and Axin-2. This complex presents β-catenin to the CK1
and GSK3 kinases, resulting in phosphorylation of β-catenin at key serine and
threonine residues in exon-3. This results in the recruitment of β-TrCP-contain-
ing E3 ubiquitin ligase to these phosphorylated residues and proteosomal degra-
dation of cytoplasmic β-catenin. The ubiquitin ligase EBI also targets β-catenin
for degradation in a p53-induced manner [69], thus linking DNA damage to
inhibition of β-catenin-mediated transcription. Upon binding of Wnt ligand to
the Frizzled/LRP coreceptor complex, the Dishevelled protein inhibits GSK3,
allowing cytoplasmic accumulation and subsequent nuclear translocation of
β-catenin. In the nucleus, β-catenin binds to BCL9 through the first four Arm
repeats. β-catenin and BCL9 juxtapose Pygopus and the TCF/LEF transcrip-
tion factors. The recently discovered BCL9-2 also links β-catenin to TCF/LEF
[70]. The nuclear (TCF/LEF)/β-catenin/(BCL9/BCL9-2)/Pygopus complex faci-
litates the transcription of numerous canonical Wnt target genes, including those
regulating diverse cellular activities such as proliferation (CCND1), apoptosis
(cMyc and survivan), migration (MMP-7 and MMP-26), growth factor ligands
and receptors (FGF18 and MET), Wnt transcription factors (TCF-1 and LEF1)
and inhibitors of Wnt canonical signaling (Axin2, DKK1, and BTRC) [71].
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Mutations in the genes that constitute the canonical Wnt signaling pathway
are frequently seen in adult cancers, including colorectal, liver, endometrial,
prostate, thyroid, skin, and brain tumors [70]. Recent evidence also implicates
this pathway in the development of childhood tumors (liver, kidney, brain, and
pancreas) [77] that typically arise from germinal tissues, as opposed to the
epithelial origin of the majority of adult cancer, most likely from a rapidly divid-
ing stem cell. Nuclear translocation of β-catenin is present in 60–90% of hepa-
toblastomas [72,73] and has been associated with prognosis. Different types of
CTNNB1 gene-activating mutations, including point mutations in exon-3 and
deletions either confined to exon-3 or extending from exon-3 to exon-4, have
also been documented in hepatoblastomas with a frequency that varies from 15
to over 70% of cases, depending on the design of the primers used. Mutations
of other components of the canonical Wnt pathway in hepatoblastoma include
rare inactivating mutations in APC, Axin, and Axin2 [74,75,76]. Although
mutations in these members of the canonical Wnt pathway appear to be fre-
quent in hepatoblastoma, a large correlation study including β-catenin status
(mutation type), histological subtype and expression pattern of other compo-
nents of this pathway and, most important, of its target genes, has not been
previously reported.

Important information about the pathogenesis of childhood cancer has
derived from the study of normal embryonic development. The similarities
between growth and differentiation of cells and tissues and the dysregulation of
these events in oncogenesis are evident at multiple levels. At the molecular
level, this relationship has become substantial with the discovery that many
proto-oncogenes encode components of signal transduction pathways that
direct normal development, including the Wnt signaling pathway [77]. The
hepatoblastoma progenitor undifferentiated cell of origin (hepatoblast) which
equivalent during embryonic development (liver stem cell) is programmed to
undergo massive proliferation, appears to be somehow locked in this uncon-
trolled proliferative state in these tumors.

Our Department of Pathology at Texas Children’s Hospital and Baylor
College of Medicine in Houston, Texas, is one of the two institutions designated
for histological review of pediatric liver tumors by the COG in the USA. We
have developed an increasing interest in studying the biology of hepatoblastoma
and particularly in identifying biological differences that may explain behavior
of histological subtypes and could be used as clinical markers.

We have studied 41 hepatoblastoma specimens and performed genomic
profiling using BAC array CGH, gene expression profiling using Affymetrix
chips, and QRT-PCR and are validating some of our data using immunohisto-
chemistry, and in situ hybridization. We are particularly interested in the Wnt
signaling pathway and the important role of its abnormal over activation may
play in hepatoblastoma pathogenesis. One of our main objectives is to investigate
additional mechanisms by which defects in regulation of the Wnt signaling path-
way contribute to tumor progression in different subtypes of hepatoblastoma.
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In order to investigate Wnt activation and hepatoblastoma we performed
analysis of CTNNB1 gene mutation status and β-catenin expression pattern in
different subtypes and explored the possible contribution of additional canoni-
cal Wnt pathway molecules (epigenetic mechanisms) in Wnt signaling activa-
tion. We also analyzed the status of Wnt/Tcf target genes in hepatoblastoma.

We found markedly increased nuclear expression of β-catenin (particularly in
the higher-grade tumor components) in hepatoblastomas with embryonal/small
cell histology, and point mutations, deletions within or confined to the entire
exon-3, (rarely no CTNNB1 mutations). By contrast, hepatoblastomas with
pure fetal epithelial histology showed a predominantly membranous and only
rare nuclear β-catenin expression, as well as predominantly large deletions
including the entire exon-3 and most of exon-4 of CTNNB1 gene. Our hypoth-
esis is that when mutations are confined to exon-3 the BCL9-interaction domain
is maintained, as well as the transcription of Wnt target genes, resulting in a
more aggressive phenotype. Large deletions including the BCL9-interacting
domain would not be as capable of facilitating canonical Wnt target gene
expression (as wild type CTNNB1).

We studied other canonical and noncanonical Wnt pathway molecules by
real-time QRT-PCR, using SYBR Green chemistry (value of the target gene cal-
culated in relation to a control sample using ∆∆Ct method). This analysis
demonstrated downregulation of canonical Wnt pathway genes, induction of
upstream antagonists of canonical Wnt signaling, and induction of some non-
canonical Wnt pathway genes in the majority of Hepatoblastomas.

We are now in the process of studying Wnt/Tcf target genes in hepatoblas-
toma (36 downstream targets, a subset of 14 involved in feedback regulation) by
QRT-PCR, microarray analysis, and tissue immunohistochemistry in order to
investigate the possibility of a hepatoblastoma subtype-specific Tcf target
program that may explain clinical behavior and response to therapy.

We expect that a better understanding of hepatoblastoma biology, based on
a systematic analysis of biologically important signaling pathways, and integra-
tion of this information with histology and other tumor markers, will lead to
new biologically relevant and therapeutically significant tumor classification

5. CONCLUSIONS

The diagnosis of cancer and particularly, the diagnosis and prognostication of
pediatric malignancies is undergoing tremendous challenges and improvements,
as diagnostic pathology and cancer diagnosis are becoming part of the new
molecular era. Classification of pediatric malignancies based on molecular
markers and gene expression signatures has already begun. Pathologists will be
playing a crucial translating role in assay development, clinical validation and
diagnostic integration of new biological markers. This integration of new diag-
nostic information is already become clinically necessary to correctly diagnose,
classify, and clinically stratify pediatric cancer patients. The integration of
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additional and more complex diagnostic parameters will become gradually
more important in order to make optimal therapeutic decisions.

Abbreviations:
ALL: Acute Lymphoblastic Leukemia; PCR: Polymerase Chain Reaction; RT-
PCR: Reverse Transcription, Polymerase Chain Reaction; FISH: Fluorescence in
situ Hybridization; SKY: Spectral Karyotyping; CGH: Comparative Genomic
Hybridization; CISH: Chromogenic In Situ Hybridization; NHL: non-Hodgkin
lymphoma; RMS: Rhabdomyosarcoma; QRT-PCR: Quantitative Reverse
Transcription Polymerase Chain Reaction; BAC: Bacterial Artificial Chromosomes.
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CHAPTER 13

PRECLINICAL MODELS FOR CELL CYCLE-TARGETED
THERAPIES

MARCOS MALUMBRES

Cell Division and Cancer Group, Centro Nacional de Investigaciones Oncológicas (CNIO), Madrid,
Spain

Abstract: Deregulation of the cell cycle machinery is frequently associated to tumor
development in most cell types. Many of these tumor-associated alterations result in
the abnormal activation of cyclin-dependent protein kinases (Cdks) involved in the
G1/S transition. Recent results from the genetic analysis of cyclins and Cdks in mouse
models have raised some questions regarding the relevance of these molecules in cell
cycle-targeted strategies for cancer therapy. The comprehensive evaluation of these
biochemical and genetic data seems to be a necessary given the relevance of these and
other new cell cycle kinases as targets for therapeutic approaches in cancer.

Key words: Cell cycle regulation, cyclin-dependent kinase, mouse models, kinase inhibitors,
cancer therapy

1. INTRODUCTION

Cell cycle progression is controlled by diverse mechanisms including gene
expression and protein phosphorylation or degradation. Progression through
G1 mostly results in the expression of the genes required for the replication of
the genome (S phase) and chromosome segregation in mitosis (M phase).
Progression through these later phases requires the appropriate posttransla-
tional modification of the existing proteins and degradation of these molecules
when they are not required or are an obstacle for transition to the following
phases. In the last few years, biochemical examination of G1/S Cdks, their
regulators (cyclins and Cdk inhibitors, CKIs) and their substrates (mainly the
retinoblastoma protein, pRb) has provided a general framework for the under-
standing of how mammalian cell cycle progression is regulated. During the 
G1 phase of the cell cycle, cells may decide whether to stay quiescent or to enter
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S phase, where the genome is duplicated (Figure 13.1). Progression throughout
the G1 phase is regulated by a complex mechanism involving at least Cdk4,
Cdk6, and Cdk2 [1,2]. An additional kinase, Cdk3, can also function at this level
although its physiological role is unclear [3,4]. During the G1 phase, cells receive
and evaluate mitogenic and antiproliferative signals. Mitogenic signals, such as
those emitted by growth factors, frequently result in the induction of D-type
cyclins (cyclin D1, D2, or D3), which bind and activate Cdk4 and Cdk6 [1,2].
These kinases are then able to partially phosphorylate pRb and induce the
synthesis of cyclin E (E1 and E2) which, in turn, binds and activates Cdk2.
Cdk2–cyclin E complexes further phosphorylate the pRb protein canceling
pRb-mediated repression of genes whose activities are necessary for S-phase
entry. Further activity of Cdk2 bound to cyclin A is required to progress
through S phase and to prepare cells for mitosis. Another member of the Cdk
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Figure 13.1. Control of the cell cycle by Cdks, other kinases, and phosphatases whose inhibition
may have therapeutic potential in cancer. G1 cyclin-dependent kinases (Cdk) such as Cdk4, Cdk6,
and Cdk2 (and possibly Cdk3) phosphorylate retinoblastoma proteins inducing progression
throughout the G1 phase. “R” indicates the restriction point where cells become independent on sus-
tained mitogenic signaling. G2/M progression is controlled by mitotic kinases such as Cdk1, Polo-
like kinase (Plk1), and Aurora kinases (AurA, AurB, and perhaps AurC in some cell types; not
shown). Some phosphatases are also involved in this regulation. Cdc25A, Cdc25B, and Cdc25C acti-
vate Cdks by removing inactivating phosphorylations. In some instances, these phosphatases are
regulated by checkpoint kinases such as Chk1. Cdc14A and Cdc14B, on the other hand, are phos-
phatases that remove some phosphates previously introduced by mitotic kinases; an event required
for the proper exit from mitosis.



family, Cdk1 (Cdc2) is involved in the control of the G2 and M phases [5]. The
understanding of Cdk biology has opened a framework to understand cell cycle
regulation and its deregulation in human cancer and to evaluate new therapeu-
tic strategies.

Most proteins involved in Cdk regulation and some of their substrates have
been linked to tumor development, underscoring the importance of these cell
cycle regulators in maintaining appropriate proliferation rates [6]. D- and E-type
cyclins are frequently overexpressed in human tumors, whereas Cdk inhibitors
(such as p16INK4a, p21Cip, or p27Kip1) or Cdk substrates (such as pRb) are
frequently considered as tumor suppressor proteins [6–8]. Genetic alteration of
Cdk4 itself is more restricted although this gene is amplified and overexpressed
in a wide variety of tumors and tumor cell lines. Some of them, mainly gliomas,
sarcomas, breast tumors, and carcinomas of the uterine cervix display coampli-
fication with the HDM2 locus as part of an amplicon located in human chro-
mosome 12 (12q13–14) [8]. A point mutation in Cdk4 has also been described
in spontaneous and familiar melanomas [9,10]. This mutation, substitution of
Arg24 by Cys (R24C), leads to misregulation of the kinase activity by prevent-
ing binding of the INK4 family of cell cycle inhibitors without affecting the
affinity of Cdk4 for cyclin D1. Similarly, Cdk6 is frequently overexpressed in
hematopoietic malignancies, in some cases as a consequence of a translocation
that places the Cdk6 locus under the control of strong promoters in these cells
[5]. All these data have stimulated the design and development of small-
molecule Cdk inhibitors as new drugs for cancer therapy (see below). However,
the gap existing between biochemical/cellular models and human clinic has not
been explored until the recent analysis of mice genetically engineered to express
deficient (knock outs) or hyperactive (knock ins) alleles of some of these cell
cycle regulators.

2. GENETIC ANALYSIS OF MAMMALIAN CDKS

Although the general functions of these Cdks during G1 have been extensively
characterized in cultured cells, the exact role of each protein in vivo is obscured
by the presence of multiple members of each family [11]. The generation of loss-
of-function mutant mice for some of these proteins has provided us with impor-
tant information regarding their individual roles. Lack of either Cdk4 or Cdk6
is compatible with embryonic life in the mouse and only results in alterations in
specific cell types. Thus, only the pituitary gland, the beta cells of the endocrine
pancreas, and the adipocytes seem to be severely affected by the lack of Cdk4
[12–15]. Similarly, the absence of Cdk6 only results in abnormalities in the
hematopoietic compartment [16]. An obvious explanation for these phenotypes
comes from the high structural and functional homology between Cdk4 and
Cdk6. In vivo, lack of one of these cyclin D-dependent kinases might be
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compensated by the remaining one, at least in those cells where both proteins are
expressed. Double Cdk4;Cdk6-deficient embryos display a more dramatic phe-
notype since they die during late embryonic development due to severe anemia
[16]. These results demonstrate a partial compensation between these two Cdks,
at least in the control of hematopoiesis. However, the combined lack of Cdk4
and Cdk6 does not result in defective G1/S transition or decreased proliferation
in most other cell types even in late embryonic development [16]. A similar phe-
notype is observed in embryos lacking the three D-type cyclins [17] underscor-
ing the strong functional correspondence between both group of proteins. The
fact that D-type cyclins can also form complexes with Cdk2 [16] or Cdk5 [18]
does not seem to be sufficient to rescue the lack of the canonical D-type Cdks,
Cdk4, and Cdk6, although it could participate in the slightly increased survival
of double Cdk4;Cdk6 mutant embryos (18.5 days of embryonic development
versus 16.5 days in triple cyclin D1/D2/D3 mutant embryos). These D-type
cyclin–Cdk2 complexes are also insufficient to rescue the defects induced by the
deficiency in Cdk4 and Cdk6, since Cdk4;Cdk6 double knock out MEFs display
an identical behavior to MEFs lacking the three D-type cyclins [16,17]. MEFs
deficient in Cdk4 and Cdk6 or cells deficient in the three D-type cyclins display
a decreased rate of proliferation in culture, accompanied by diminished phos-
phorylation of pRb and delayed expression of S-phase and M-phase markers
such as E-type, A-type, and B-type cyclins [16,17]. The fact that all these cells
are insensitive to the INK4 family of cell cycle inhibitors highlights the speci-
ficity of these inhibitors versus D-type cyclin–Cdk4/6 complexes. Yet, these
MEFs are able to respond to mitogenic stimuli after serum starvation, indicat-
ing that cyclin D–Cdk4/6 complexes are not essential for mitogen-induced pro-
liferation [16,17]. Whether this ability is dependent on Cdk2, other kinase or
other kinase-independent pathways is still unknown [5].

The absence of Cdk2 is also compatible with life and only affects germ cell
development [19,20]. In fact, the lack of mitotic phenotypes in the Cdk2-null
mice has questioned the importance of this protein in several of the processes
mentioned above such as DNA replication, centrosome maturation, and segre-
gation and modulation of proteolysis [5]. Not only that; the differences between
the targeted deletion of Cdk2 and those of the two E-type cyclins [21,22] under-
score the functional differences between Cdk2 and these cyclins. Although the
individual deficiency in one of these E-type cyclins has only minor effects in
mouse development, combined deficiency in both cyclins results in embryonic
lethality [21,22]. Cells without cyclin E1 and E2 are able to proliferate although
they display a dramatic defect in the G0/G1 transition due to problems loading
the Mcm proteins onto the pre-replication complexes [21], a defect not present
in Cdk2-null cells [19,20]. Cdk2;Cdk6 double mutants do not display any syner-
gistic phenotype [16]. Unfortunately, double Cdk2;Cdk4 mutants cannot be
derived from the single knock out strains since both loci are located very closely
in the mouse genome. Thus, generation of these double Cdk2;Cdk4 mutants will
require additional recombination steps in ES cells.
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The fact that all these three G1 Cdks can phosphorylate the pRb might
suggest that these enzymes have overlapping roles. Although it has been
reported that Cdk4/6 and Cdk2 phosphorylate different residues in pRb [23], the
absence of one of these kinases could alter the affinities for specific sites. In fact,
Cdk4 is quite effective in phosphorylating Cdk2-specific sites in Cdk2-depleted
cells [24]. Not only these Cdks, but also Cdk1, Cdk3, and Cdk9 are able to phos-
phorylate pRb [11]. Alternatively, the control of pRb function might be modu-
lated by the overall phosphorylation state rather than phosphorylation in
specific sites, and a single Cdk could achieve the appropriate levels of phospho-
rylation. Compensatory roles are not so obvious for those substrates that seem
to be specific for each of these G1 Cdks [5]. Thus, it has been recently described
that Cdk4, but not Cdk2, phosphorylate and inactivate Smad3 proteins [25].
Similarly, Cdk2 (but not the other G1 Cdks) phosphorylates a variety of pro-
teins involved in DNA replication, centrosome duplication and segregation and
mitotic control [2,5]. In many cases, they have neither been reported as Cdk1
substrates, although given the promiscuity of these proteins [26] slight changes
in affinities or subcellular localization could make these proteins available for
phosphorylation by other kinases. Whether other Cdks (such as Cdk4 or even
Cdk1) might be able to phosphorylate these proteins in the absence of Cdk2 is
still unknown.

In a different scenario, one could assume that neither of these G1 Cdks nor
their substrates are essential for cell cycle progression. In yeast, a single Cdk (most
similar to human Cdk1) is sufficient for cell cycle progression [27]. In fact,
Cdk1–cyclin B complexes, although initially responsible for the G2/M transition,
might have cryptic S-phase-promoting abilities that could make the other Cdks
dispensable for G1 transition [28]. Recently, it has also been observed that Cdk1
may also bind and be activated by E-type cyclins [29] raising the question whether
this kinase may fully compensate for the lack of Cdk2 in the mitotic cell cycle.

3. THE G1/S TRANSITION AS A TARGET IN CANCER THERAPY

From human tumors and mouse models, it is now clear that misregulation of
Cdk4/6 activity by either overexpression of D-type cyclins or loss of INK4 pro-
teins almost invariably leads to hyperproliferative defects and eventually to
tumor development. First, as stated above, many genetic mutations in human
tumors affect Cdk4/6 regulation [6]. Second, knock-in mice expressing a deregu-
lated Cdk4 develop a wide spectrum of spontaneous tumors confirming the cen-
tral role of Cdk4 in the entry into the cell cycle [30,31]. Inactivating mutations in
single INK4 inhibitors in the mouse, including p16INK4a [32,33], p15INK4b [34] and
p18INK4c [34,35], also result in tumor susceptibility. These observations, taken
together, illustrate that activation of the Cdk4 pathway dramatically decreases
the requirements that allow cells to enter the cell cycle and might participate in
tumor development. These data have led to the design of therapeutic strategies
for cancer treatment based on the inhibition of these G1 Cdks [6,36,37].
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However, the fact that the absence of each of these G1 Cdks has no major
effects on cell cycle progression has raised a note of caution in the design of
small-molecule inhibitors against these kinases. The fact that cells can prolifer-
ate without these kinases, whatever this depends on lack of function or com-
pensation by other proteins, could make G1 Cdk inhibitors less attractive for
cancer therapy. Yet, the molecular effects resulting from the enzymatic inhibi-
tion of one protein might differ from the effects caused by the absence of that
protein. Thus, lack of Cdk4 and Cdk6 favor the presence of complexes between
Cdk2 and D-type cyclins [16] and these complexes could function to promote
G1 progression. Small-molecule ATP analogs should provoke different results
since they would allow the formation of inactive Cdk4/6–cyclin D complexes
without redistribution of the cyclins to other kinase active complexes. The cur-
rent technical requirements for the generation of mice deficient in multiple Cdks
are preventing us from analyzing the effect of combined deficiency in multiple
Cdk activities.

Second, the requirements for these kinases in tumor cells have not been char-
acterized in vivo yet. Even though normal cells do not require these proteins,
tumor cells that have increased proliferation rates could be more sensitive to the
lack of these G1 kinases. In cultured cells, some tumor cell types are insensitive
to the lack of Cdk2 but require Cdk4 [24]. These results also suggest that future
design of small-molecule Cdk inhibitors could benefit if specificity towards a
particular Cdk is reduced. In general, one could assume that drugs inhibiting all
cell cycle Cdks could be more effective than specific ones. In fact, most of the
Cdk inhibitors that have shown some activity in clinical trials have reduced
specificity [38]. Obviously, inhibition of many proteins might produce unex-
pected or out-of-control results unless we have a detailed characterization of the
function of these proteins in vivo.

The information we have obtained in the last years regarding the Cdk family
and their involvement in cell cycle regulation and tumor development may help
us to design new therapeutic strategies based upon cell cycle modulation. In
addition to Cdks, many other cell cycle kinases and even phosphatases are now
being considered as therapy targets (Figure 13.1). Among the kinases, there is a
intensive effort to investigate some mitotic proteins such as Aurora or Polo-like
kinases (Plk) and some other molecules involved in the different cell cycle check-
points, such as Chk1 [39–41]. The therapeutic potential of cell cycle phos-
phatases has been explored mainly for the Cdc25 family [42] but might also
apply to other molecules such as Cdc14. Other proteins involved in the spindle
dynamics and the mitotic checkpoint [43] are also closely observed for their
therapeutic use. Our experience with Cdks might suggest that these efforts
should be accompanied by a parallel analysis of the roles of these molecules
in vivo using genetically engineered mouse models. Hopefully, cancer patients
will benefit from this knowledge if we are able to put together what we are learn-
ing from biochemical approaches, human tumors, clinical trials, and the genetic
analysis of these proteins in preclinical models.
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CHAPTER 14

WWOX, A CHROMOSOMAL FRAGILE SITE GENE 
AND ITS ROLE IN CANCER
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Abstract: Allelic imbalances affecting the long arm of chromosome 16 have been extensively
reported in the literature as common abnormalities observed in various carcinoma types.
As a result of loss of heterozygosity (LOH) studies in breast cancer, we delimited a
genomic area within chromosome 16 that demonstrated the highest frequency of
abnormalities. This led us to the identification and cloning of WWOX, a candidate
tumor suppressor gene (TSG) that spans a fragile region of DNA located at
16q23.3–24.1 (FRA16D: the second most active common chromosomal fragile site in the
human genome). This gene encodes a protein that contains two WW domains
responsible of protein–protein interactions and a short-chain dehydrogenase (SDR)
domain likely involved in sex steroid metabolism. Protein–protein interactions of
WWOX with other peptides that act as apoptotic regulators as well as nuclear
transcription factors have been described. We and other groups have studied the
expression of WWOX in multiple tumor types in hormonally and nonhormonally
regulated organs. In these studies, a significant correlation of loss of WWOX protein
expression, with sex steroid hormone receptors expression and patient outcome, has been
demonstrated. Reinsertion of the WWOX gene in WWOX-deficient tumorigenic cancer
cell lines has shown a dramatic decrease of tumor growth in vivo, while inhibition of
anchorage independent growth was observed in vitro. Further studies are necessary to
elucidate the exact biological role of WWOX as a suppressor of tumor growth.

Key words: FRA16D, WWOX gene, tumor suppression, carcinogenesis

1. THE DISCOVERY OF WWOX

LOH affecting several chromosomes and especially affecting the long arm of
chromosome 16 has been extensively observed in breast cancer (Sato et al., 1990;
Cleton-Jansen et al., 1994; Aldaz et al., 1995). To better understand the natural
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history of breast cancer progression, we decided first to study comparatively the
allelotypic profile of in situ and invasive ductal breast carcinomas by means of
microsatellite length polymorphisms obtained from microdissected paraffin-
embedded samples (Aldaz et at., 1995).

From this first investigation, allelic imbalances and losses of genomic mate-
rial affecting chromosome 16q were considered to be an early event in breast
carcinogenesis given that these genomic abnormalities appear in a high percent-
age of in situ ductal carcinomas of the mammary gland. Subsequent results
from a high-resolution LOH analysis confirmed our previous observations and
allowed us to accurately define a region localized on the long arm of chromo-
some 16 that was highly affected by genomic losses. This genomic area spanned
the chromosomal region flanked by the STS markers D16S515 and D16S504,
with the most affected locus being D16S518 at chromosome 16q23.3–24.1
(Cheng et al., 1996). The observed high frequency of LOH at preinvasive stages
of the disease suggested to us that a candidate TSG may reside in the afore-
mentioned chromosomal region, and, that this TSG could play an important
role in breast carcinogenesis (Figure 14.1).

As in the case of breast carcinomas, similar findings affecting the long arm of
chromosome 16 have also been described in prostate and hepatocellular carci-
nomas (Carter et al., 1990; Nishida et al., 1992).

The above-mentioned studies led to the cloning of the putative TSG using
classical positional cloning strategies. Thus, we were the first group to report the
cloning and identification of the gene spanning the common chromosomal

Figure 14.1. Loss of heterozygosity assessed at different SDS markers (chromosome 16q21). The
most affected loci are referred with an asterisk. N: normal tissue. T: breast tumors.



fragile site FRA16D (Bednarek et al., 2000). In that study, we utilized shotgun
BAC genomic sequencing as well as isolation and analysis of expressed
sequenced tags (ESTs) specifically mapped to the genomic area of interest. We
named the cloned gene WWOX because it encoded a protein, which contains
two tryptophan (WW) domains coupled to a central domain with high homol-
ogy to the SDR/reductase family of enzymes. The WWOX gene is composed of
a total of nine exons, and it encodes a 414-amino acid protein (Figure 14.2).
This is one of the largest known genes within the human genome, spanning over
1.1 MB; in fact, intron 8 is more than 400,000 bp in length. Various multiple
myeloma translocation breakpoints have been already described mapping to
intronic regions of WWOX (Chesi et al., 1998). This confirmed is candidacy as
the FRA16D gene target.

2. WWOX PROTEIN DESCRIPTION

The specific amino acid sequence of the WWOX protein revealed a high homo-
logy to the SDR family of proteins, which encompasses a wide variety of simi-
lar enzymes. Northern blot and protein expression studies showed that WWOX
had highly variable expression among breast cancer cell lines. In fact, some
highly aggressive breast cancer lines were absolutely devoid of WWOX expres-
sion (e.g., MDA-MB 435 and MDA-MB 231) while other cell lines expressed
high levels of WWOX protein, in particular the estrogen responsive breast can-
cer line MCF7. In normal tissues, high levels of WWOX expression were
detected in hormonally regulated tissues such as testis, ovary, and prostate
gland. Interestingly, this expression profile along with the presence of the
SDR/reductase domain and specific amino acid features suggest a role for
WWOX in steroid metabolism (Bednarek et al., 2000).

Other groups confirmed our original observations and, furthermore, they
demonstrated deletion of WWOX gene in ovarian and lung carcinoma cell lines
(Paige et al., 2001).
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Figure 14.2. WWOX gene and protein are shown. WWOX gene presents a total of nine exons and
encodes the WWOX protein, which shows structurally two main domains: the WW domain and the
oxidoreductase domain.



In in vitro studies, we observed inhibition of tumor cells growth in soft agar
(anchorage independence) when increasing WWOX expression in MDA-MB
435 breast cancer cells (deficient in this gene). The same results were obtained
with other breast cancer cell lines such as MDA-MB 431 and T47D. We also
observed a dramatic inhibition of in vivo tumorigenicity by WWOX expression
in MDA-MB 435 and 231 breast cancer cells, when these cell lines were injected
into the mammary fat pad of nude mice (Bednarek et al., 2001). These observa-
tions strongly supported for the first time the original hypothesis that WWOX
behaves as a suppressor of tumor growth. Similarly, Gabra and coworkers
(Imperial College of London, UK) observed inhibition of tumorigenicity of the
ovarian cancer cell line Peo 1, homozygously deleted for WWOX (personal
communication). Confirming our original observations, very recently it was also
showed inhibition of lung cancer cells growth both in vivo and in vitro when
WWOX expression is restored (Fabbri et al., 2005).

We also detected the common occurrence of aberrant alternatively spliced
WWOX transcripts with deletions of exons 5–8 or 6–8 in various carcinoma
cell lines, multiple myeloma cell lines, and primary breast carcinomas as well.
However, these aberrant mRNA forms of WWOX were undetectable in normal
tissues. Interestingly, these aberrant variants when expressed as GFP fusion
proteins, showed an abnormal nuclear localization instead of the wild-type
WWOX protein that localizes to the Golgi apparatus (Bednarek et al., 2001).
Even though these alternatively spliced forms are detectable at the mRNA level
it is unclear whether they form viable protein since we failed to detect any
smaller protein products in Western blot analyses. Nevertheless, it is clear that
abnormalities occur at the transcriptional or splicing level affecting the WWOX
gene, and, therefore, their potential relevance in carcinogenesis remains to be
determined.

3. BIOLOGICAL/BIOCHEMICAL FUNCTIONS OF WWOX 
(WWOX INTERACTING PROTEINS)

As previously mentioned, the WWOX gene encodes a 46 kDa peptide contain-
ing two WW (tryptophans) domains involved in protein–protein interactions,
and a short-chain oxidoreductase domain probably related to sex-steroid
metabolism (Figure 14.2). High-density protein arrays were probed with a P32

radiolabeled portion of the WWOX protein spanning the WW domains in order
to identify potential WWOX interacting proteins. As a result, one unknown pep-
tide and, more interestingly, four known proteins resulted in a specific binding
to WWOX: COTE1, WBP-1, SIMPLE/PIG7, and NF-KB AP (Ludes-Meyers
et al., 2004). These finding were corroborated with GST fusion proteins pool
down experiments and western blot analyses. Interestingly, the “small mem-
brane protein of the lysosome/late endosome” (SIMPLE) (also known as 
p53-induced gene 7 or PIG7) protein harbors two PPSY motifs that specifically
interact with the first WW motif of WWOX.
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In MCF7 breast cancer cells, the first WW domain of WWOX (WWOX-1) is
required for the physical interaction with endogenously expressed SIMPLE. Both
proteins, WWOX and SIMPLE partially colocalize to the perinuclear compart-
ment of the cell (Golgi zone) as determined in this cell line and using immunoflu-
orescence staining methods: anti-WWOX, anti-Golgi 58K, anti-SIMPLE, and
Mito-Tracker were used, fluorescent images captured and compared to determine
colocalization or lack thereof (Ludes-Meyers et al., 2004). Notwithstanding, the
specific role of protein–protein interaction between WWOX and SIMPLE/PIG7
still remains unknown. It is worth mentioning, however, that, Moriwaki et al.
(2001) speculated that SIMPLE might be involved in apoptotic responses. SIM-
PLE has been recently reported as an activator of NF-KB-dependent gene tran-
scription and this opens the possibility that WWOX could potentially be involved
in transcriptional regulation processes. Other investigators have identified other
potential WWOX interacting proteins such as P73 (a P53 homolog). Using 
co-immunoprecipitation and confocal microscopy analysis, it was shown that
WWOX expression triggers redistribution of nuclear P73 to the cell cytoplasm,
and, hence, it was suggested that WWOX could suppress p73 transcriptional
activity by means of sequestration in the cytoplasmic compartment. Furthermore,
it was suggested that cytoplasmic levels of P73 might determine the proapoptotic
activity of WWOX. However, this study was not able to demonstrate under the
same conditions a P53 binding to WWOX (Aqeilan et al., 2004a, b) even though
such interaction has been previously described in another report (Chang et al.,
J Biol Chem Oct 10, 2005). Recently, Aqeilan and coworkers described yet another
potential interaction for WWOX. They suggested that WWOX binds and antago-
nizes the biological function of YES-associated protein (YAP) through its first
WW domain, and competes for the interaction with different targets, such as
ErbB-4, regulating its transcriptional activity (Aqeilan et al., 2005). These same
authors reported the physical and functional interaction between WWOX and
AP-2 gamma transcription factor. In this study, WWOX would act as a truly TSG
sequestering this transcriptional factor within the cytoplasm and inhibiting its
biological functions (Aqeilan et al., 2004a, b). It must be mentioned however, that
most of these studies were performed utilizing either pull-down experiments or
quite artificial conditions such as transfections that overexpress the genes of inter-
est and only under such experimental conditions the co-immunoprecipitation of
WWOX with the multiple potential candidates was shown. Thus, it remains to be
determined which if any of the described protein–protein interactions truly occur
under physiological conditions in normal cells.

4. WWOX EXPRESSION IS DOWNREGULATED BY EXPOSURE
TO ENVIRONMENTAL CARCINOGENS

As previously mentioned, WWOX is the gene spanning the second most active
fragile site in the human genome at 16q23. Common chromosomal fragile sites
are exposed by exposure to replication inhibitors such as aphidicolin. The

WWOX, A CHROMOSOMAL FRAGILE SITE GENE 153



frequency of gaps and breaks that occur after aphidicolin treatment varies in the
general population and appears to be determined by a combination of genetics
and exposure to environmental carcinogens (Huebner and Croce, 2001). For
instance it has been shown that smokers show a higher level of expression of
breaks at chromosomal fragile sites than nonsmokers.

Loss of fragile site gene expression in cancer has been mostly attributed to
allelic deletion, chromosomal translocation, or gene inactivation as a result of
exposure to environmental carcinogens. In addition, epigenetic means of fragile
site gene silencing has also been demonstrated (Huebner and Croce, 2001).
However, no information was available on the regulation of expression of fra-
gile site genes in cells following DNA damage by environmental carcinogens,
some of which do not induce chromosomal fragility. Thus, we recently study the
expression patterns of WWOX and FHIT (the gene target of FRA3B) follow-
ing exposure to DNA damaging agents such as, ultraviolet (UV) light,
benzo[a]pyrene diol expoxide (BPDE), and ionizing radiation (IR), three ubiq-
uitous environmental carcinogens. UV and BPDE induce bulky DNA adducts
while IR induces predominantly DNA strand breaks.

Interestingly, we observed that UV and BPDE, but not IR, exposure down-
regulate the expression of both fragile site genes (Figure 14.3).

As compared with control, WWOX and FHIT mRNA levels dramatically
decreased by 24 h in the UV-irradiated samples. At the moderate UV-C doses
tested cell number decreased about twofold at 24 h postirradiation without a sig-
nificant decrease in cell viability (not shown). Similar to UV, treatment of
MCF7 cells with BPDE, another environmental carcinogen which induces DNA
bulky adduct formation, also caused a dramatic decrease of WWOX and FHIT
transcripts at 24 h post-BPDE treatment. Next we asked whether IR, which
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Figure 14.3. UV and BPDE treatment but not IR downregulate expression of fragile site genes,
WWOX and FHIT. MCF7 cells were exposed to UV, BPDE, and IR at the indicated doses.
Northern blots of total RNA (20 µg per lane) were hybridized with probes for the indicated genes.



causes DNA double strand breaks, also caused a similar effect on WWOX and
FHIT expression. To test this, MCF7 cells were irradiated with IR at a dose (10
Gy) approximately equitoxic to 10 J/m2 of UV-C radiation. As expected, the p21
mRNA level increased as a consequence of DNA damage by the three treatment
protocols. Interestingly, we observed that in contrast to the other two carcino-
gens the IR treatment did not cause a significant reduction of WWOX or FHIT
transcripts. We further determine that the observed effects of UV and BPDE
were independent of p53 status since the same results were obtained using the
SAOS-2 p53 null cell line (not shown). A decrease in WWOX protein levels how-
ever was only observed upon repeated UV irradiation, i.e., upon multiple cycles
of UV treatment (Thavatiru et al., 2005).

We also determined that treatment with caffeine was able to abrogate most of
the observed downregulation of WWOX and FHIT expression. Caffeine is
known to block the S-phase checkpoint response. Therefore, the signaling path-
ways triggered at the S-phase checkpoint may play a role in the observed poten-
tial transcriptional downregulation.

The observed difference in the expression response at the WWOX and FHIT
loci to damage induced by IR or UV is very intriguing. Both DNA damaging
agents produce a response that includes the phosphorylation and stabilization of
p53, the activation of MAPK pathways, dramatic changes in transcription of
damage response genes, triggering one or more cell cycle checkpoints. However,
these damage responses are mediated by different pathways. The ATM kinase
pathway is primarily responsible for the IR-dependent response, whereas the
related ATR kinase pathway is activated by UV. Similarly, there is also some evi-
dence that BPDE-induced S-phase arrest is also mediated by the ATR kinase
pathway. Alternatively, it is possible to speculate that the observed differences
may be a consequence of the type of DNA damage produced by the different
agents. As stated above, IR produces primarily double strand breaks and
thymine glycols, the latter being a nondistortive DNA lesion. UV, on the other
hand, produces cyclobutane pyrimidine dimers and 6-4 photoproducts both of
which are classified as “bulky” lesions. The major BPDE-DNA adduct, formed
by addition of this PAH to the exocyclic amino group of deoxyguanine, is also
quite bulky, and has recently been shown to induce large kinks in adducted
DNA. These bulky adducts represent strong blocks to both transcription and
replication, and could directly affect the expression of genes such as FHIT and
WWOX, which produce extremely long transcripts.

The decrease in WWOX and FHIT expression that we observed upon treat-
ment with the DNA adduct inducing agents has the potential to be a mechanism
of relevance for loss of expression of fragile site genes, in addition to the more
classical described gross genomic abnormalities. Thus, one could imagine a sce-
nario in which one allele of a fragile site gene could be inactivated by deletion
or fragile site induction while the other allele could be subject to transcriptional
downregulation by environmental carcinogens as observed in our studies, lead-
ing to complete silencing of the gene. We further hypothesize that such a
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continuous (transcriptional) silencing of fragile site associated putative TSGs
such as WWOX and FHIT by protracted exposure to environmental carcinogens
may play a significant role in the initiation and development of cancer.

5. WWOX EXPRESSION IN DIFFERENT TUMOR TYPES

By means of immunohistochemistry we have studied comparatively the level of
expression of the WWOX protein in multiple neoplasias. In a first study we ana-
lyzed WWOX protein expression in a series of human breast carcinomas, corre-
lating with diverse clinico-pathological characteristics.

In this study, normal breast samples showed all intense immunostaining against
WWOX, whereas 69 out of 203 invasive breast carcinoma samples (34%) did not
express WWOX, and an additional 26% showed a weak expression of WWOX
protein. Interestingly, we also found a statistically significant correlation between
loss of WWOX protein expression and loss of estrogen receptor alpha expression
(p = 0.003), which clearly reinforces the hypothesis that WWOX may be involved
in sex steroid metabolism (Nunez et al., 2005a, b) (Figure 14.4, left panels).

In a second study, we explored the role of WWOX expression in 
ovarian cancer (Figure 14.4, right panels). Similarly, loss of WWOX protein
immunoexpression was observed in about a third of ovarian carcinomas in

156 CHAPTER 14

A

C

E F

D

B

A

D

G

J K L

H I

E F

B C

Figure 14.4. At the immunohistochemical level, WWOX protein is highly expressed in normal
breast epithelium (A–B) while a variable levels of WWOX protein expression associated with ER
status was demonstrated in human breast carcinomas (left panel, C–F). Similarly variable WWOX
protein expression was observed in ovarian carcinomas, with expression varying significantly among
different histotypes of ovarian neoplasms (right panel, serous carcinomas A–C, endometroid carci-
nomas D–F, clear cell carcinomas G–I, and mucinous carcinomas J–L).



general, however it was most commonly associated with specific ovarian carci-
nomas histotypes such as clear cell and mucinous ovarian neoplasms (Figure
14.4 G-I and J-L, respectively). A significant correlation between the loss of
WWOX expression, clinical stage IV (FIGO), negative progesterone receptor
status, and a shorter overall survival was also observed (Nunez et al., 2005a, b).

A potential role for the loss of WWOX has been also reported for human liver
carcinomas (Park et al., 2005). Similarly, Pimenta et al. (2006) reported recently
a study focused on the expression of the WWOX gene in a series of oral squa-
mous cell carcinomas. In this study, the presence of abnormalities in mRNA
transcription of WWOX strongly correlates with a remarkable reduction in
WWOX protein expression in these tumor types, which may then contribute to
the carcinogenetic process of oral cancer (Pimenta et al., 2005).

In close accordance with this last study, interesting preliminary data from the
clinico-pathological evaluation of WWOX protein expression are currently
being analyzed in a series of bladder cancer patients in collaboration with the
Department of Pathology at the University of Valencia (Spain). In this series of
bladder cancer samples, a remarkable reduction in WWOX protein expression
has been found at the immunohistochemical level. The observed decrease in
WWOX protein expression was quite dramatic in high-grade urothelial carcino-
mas cases with prominent squamous metaplasia as well as in the case of primary
squamous cell carcinomas of the urinary bladder. In these neoplasms with a
varying amount of a squamous cell component, the total absence of WWOX
protein expression was remarkable. Nevertheless, a larger series of cases is cur-
rently under study to better define the role of loss of WWOX expression in blad-
der cancer development (Ramos et al., 2005).

In conclusion, WWOX behaves as TSG both in vivo and in vitro. Studies, of
WWOX expression in a multiplicity of neoplasias from our laboratory and
others support its candidacy as a bonafide TSG. Further studies and models are
needed to fully understand the physiological role of WWOX in normal cells and
the mechanistic implications that would favor the selection of cells that have lost
its expression during cancer development.
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Abstract: Biomedical research has advanced rapidly in recent years with the sequencing of the
human genome and the availability of technologies such as global gene and protein
expression profiling using different chip platforms. However, this progress has not yet
been transferred to the bedside. While detection of cancer at early stages is critical for
curative treatment interventions, efficient diagnostic and therapeutic markers for the
majority of malignancies still seem to be lacking. Comprehensive tumor profiling has
therefore become a field of intensive research aiming at identifying biomarkers
relevant for improved diagnostics and therapeutics. This chapter will demonstrate a
genomic and proteomic approach while focusing on tumor profiling during colorectal
cancer development.

1. COLORECTAL CANCER

Colorectal cancer is one of the most common malignancies in the world.1 While
the 5-year disease-free survival rate for early stage tumors (UICC stage I)
exceeds 90%, this percentage is reduced to 63% in advanced stage carcinomas
(UICC stage III).2 Therefore, detection of cancer at an early stage is critical for
curative treatment interventions and utilization or application of tools and
methodologies for early cancer detection can directly result in improving patient
survival rates. In current clinical practice, screening for cancer and preinvasive
polyps of the colorectum is based on clinical examination, detection of fecal
occult blood (FOBT), and sigmoidoscopy or colonoscopy.3 The successful
implementation of these screening procedures has contributed to a reduction in
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the mortality of colorectal carcinomas.4 However, despite these screening pro-
grams, about 70% of carcinomas are detected at advanced tumor stages (UICC
III/IV) presenting poor patient prognosis.

The lifetime risk for the development of colorectal carcinomas is considerably
increased in patients with ulcerative colitis (UC).5 Ulcerative colitis can there-
fore be considered a bona fide premalignant condition leading to the recom-
mendation that patients with UC should participate in surveillance programs to
screen for early signs of malignancy.6 However, reliable surveillance is difficult
and 50% of the detected malignancies are already at an advanced tumor stage.7–9

2. GENOMICS

2.1. Genomic aneuploidy and its role in tumorigenesis

When the first quantitative measurements of the DNA content of cancer cells
were performed, aneuploidy was defined as a variation in nuclear DNA content
in the population of cancer cells within a tumor.10 Since then, aneuploidy has
been observed as a consistent genetic alteration of the cancer genome of differ-
ent tumor entities.11–13 In addition, aneuploidy seems to precede the manifesta-
tion of malignancy: Löfberg et al. reported aneuploid biopsies in 25% of
ulcerative colitis patients with a high risk for colorectal cancer development at
least once during 10 years of observation.14 In other studies, aneuploidy has
been repeatedly observed by flow cytometry even in nondysplastic mucosa of
ulcerative colitis patients.15 By means of image cytometry, we could detect
highly aneuploid epithelial cell populations scattered over the colon and rectum
in premalignant biopsies of eight patients with an ulcerative colitis-associated
colorectal carcinoma (UCC).16 These aneuploid lesions could be observed up to
11 years prior to the final cancer diagnosis (average 7.8 years). They were found
in macro- and microscopically unsuspicious mucosa, could even be detected in
regenerative epithelium, and were not related to dysplasia. This DNA aneu-
ploidy occurred more frequently in biopsies of patients with a subsequent car-
cinoma (75%) than compared with biopsies from ulcerative colitis patients
without a subsequent colorectal carcinoma (14%, p = 0.006). The carcinoma
samples of the eight UCC patients also exhibited highly aneuploid DNA distri-
bution patterns. The common conclusion of these studies strongly supports the
hypothesis that genomic instability, represented by nuclear DNA aneuploidy,
could initiate the process of malignant transformation in colitis as an early
event. DNA aneuploidy would therefore indicate an increased risk of progres-
sion to invasive properties in genetically unstable cells. However, aneuploidy
may be reversible over time once cells are not longer exposed to the inducing
agent or carcinogen.17, 18 Thus, it is reasonable to suggest that the genomic insta-
bility reflected by aneuploidy has to be followed by multiple cellular alterations
in order to reach malignant properties. One of the decisive steps in this trans-
formational process is the ability of genomically altered cells to proliferate,



which is compulsory for clonal expansion.19 Interestingly, immunohistochemical
expression of the proliferation marker Cyclin A was significantly correlated to
aneuploidy in biopsies of the patients with a subsequent carcinoma (r = 0.791).

2.2. Chromosomal aneuploidies as tumor-specific patterns

With increased resolution of cytogenetic techniques, such as chromosome band-
ing, comparative genomic hybridization (CGH), spectral karyotyping (SKY),
and multicolor fluorescence in situ hybridization (FISH), it has become clear
that in addition to nuclear aneuploidy, specific nonrandom chromosomal imbal-
ances (heretofore referred to as chromosomal aneuploidy) exist.20–23 Indeed,
despite genetic instability in cancer genomes, cancer cell populations as a whole
display a surprisingly conserved, tumor-specific pattern of genomic imbal-
ances.13, 24, 25 At early steps in the sequence of malignant transformation during
human tumorigenesis, e.g., in preinvasive dysplastic lesions, chromosomal ane-
uploidies can be the first detectable genetic aberration found.26–29 This suggests
that there is both an initial requirement for the acquisition of specific chromo-
somal aneuploidies and a requirement for the maintenance of these imbalances
despite genomic and chromosomal instability. This would be consistent with
continuous selective pressure to retain a specific pattern of chromosomal copy
number changes in the majority of tumor cells.13, 30–32 Additionally, in cell cul-
ture model systems in which cells are exposed to different carcinogens, chromo-
somal aneuploidy is the earliest detectable genomic aberration.33, 34 The
conservation of these tumor-specific patterns of chromosomal aneuploidies
suggests that they play a fundamental biological role in tumorigenesis.

The progression of colorectal cancer is defined by the sequential acquisition
of genetic alterations.35 At the cytogenetic level, many of these aberrations can
be visualized as specific chromosomal gains and losses. These aneuploidies
result in a recurrent pattern of genomic imbalances, which is specific and con-
served for these tumors.36 For instance, one of the earliest acquired genetic
abnormalities during colorectal tumorigenesis are copy number gains of chro-
mosome 7.32 These trisomies can already be observed in benign polyps, and can
emerge in otherwise stable, diploid genomes. At later stages, e.g., in high-grade
adenomas or in invasive carcinomas, additional specific cytogenetic abnormali-
ties become common, such as gains of chromosome and chromosome arms 8q,
13, and 20q, and losses that map to 8p, 17p, and 18q. For a comprehensive sum-
mary see the “Mitelman Database of Chromosome Aberrations in Cancer” at
http://cgap.nci.nih.gov/Chromosomes/Mitelman. These chromosomal aneuploi-
dies are accompanied by specific mutations in oncogenes and tumor suppressor
genes, including ras, APC, and p53.37 It is therefore well established that both,
chromosomal aneuploidies and specific gene mutations, are required for
tumorigenesis.

Detection of aneuploid lesions in ulcerative colitis patients seems to indicate
imminent carcinogenesis with faithful progression to UCC. Recent reports 
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have provided evidence that genomic aneuploidy in UCC is associated with
chromosomal aneuploidies.38, 39, 40, 41, 42 Unlike sporadic colorectal tumors,
UCCs do not follow the adenoma–carcinoma sequence, and the sequential
acquisition of chromosomal aneuploidy and gene mutations is less well estab-
lished. It was therefore interesting to investigate whether the pattern of chro-
mosomal gains and losses in UCC are similar to that described in sporadic
carcinomas. This would indicate that the final distribution of genomic imbal-
ances is the product of continuous selection, and that this distribution is inde-
pendent of whether a carcinoma occurs spontaneously or as a result of, for
example, chronic inflammation. We therefore determined the degree of genomic
instability by DNA image cytometry and CGH for 23 UCC specimens.43 All 23
UCC specimens revealed highly aneuploid DNA distribution patterns of the
nuclear DNA content, independent of the tumor stage. CGH analysis could
identify chromosomal imbalances as follows: the most common DNA gains
were mapped to chromosomes or chromosome arms 20q (84% of all cases), 7
(74%), 8q (74%), 13q (74%), 11p and 12 (both 42%), 5p and 18p (both 37%), and
17q (31%). Recurrent losses occurred on 8p (58%), 18q (47%), and 5q (26%).43

These results show that chromosomal imbalances observed in UCC mainly clus-
ter on the same chromosomes as described for sporadic colorectal cancer. For
instance, Ried et al. reported DNA gains that frequently mapped to chromo-
somes or chromosome arms 7, 8q, 13q, and 20 in sporadic colorectal carcino-
mas.36 However, it also becomes clear that sporadic colorectal carcinomas have
fewer genomic imbalances than UCCs (Figure 15.1). Additional significant dif-
ferences exist that characterize UCCs in contrast to sporadic carcinomas: our
previous analyses of sporadic colorectal carcinomas revealed an average num-
ber of DNA copy alterations (ANCA), calculated as the number of chromoso-
mal copy number changes divided by the number of cases, of 5.6, which was
elevated to 13.3 in UCC. This number exceeds that observed in primary liver
metastases from colorectal carcinomas, for which the ANCA had been deter-
mined to be 11.7.44 This high degree of genomic instability is also supported by
measurements of the nuclear DNA content, which invariably revealed nuclear
aneuploidy. We also observed a large number of localized high-level copy number
increases (amplifications). Amplifications have been described as a reflection of
advanced disease and poor prognosis in other malignancies.45 Some of the ampli-
fications occurred in regions known to be affected in colorectal carcinomas, such
as chromosome arms 6p, 8q, 13q, 17q, and 20q, and for which the target genes are
either known or likely candidates have been identified (http://www.helsinki.fi/
cmg/cgh_data.html). For instance, the frequent gain of chromosome 8 and ampli-
fications that map to band 8q24 target the MYC oncogene.

The CGH profile for UCC as presented here, dominated by overall gains and
numerous amplifications, is in concordance with the relatively high ANCA
value and severe aneuploidy observed in the majority of all 23 UCCs. In com-
parison, sporadic colon carcinomas show aneuploidy in only 70–80% of the
cases, combined with an overall lower ANCA value. The surprisingly high level
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of ANCA values in UCC could be a reflection of a generally increased genetic
instability in UCC, due to the long latency of inflammatory disease before overt
tumors develop; however, the data presented here and in the literature clearly
indicate that the tumor cell population as an entity selects for a distribution of
genomic imbalances that is similar to sporadic carcinomas. Therefore, the tissue
origin of the tumor cell, and not the mode of tumor induction, seems to define
the similarity between sporadic colorectal cancers and UCC. This is in striking
contrast to hereditary colorectal carcinomas arising in the background of mis-
match repair deficiency, where neither aneuploidy nor specific chromosomal
imbalances are observed.46, 47

In this respect, the positive correlation of high ANCA values and the occur-
rence of amplifications with elevated cyclin A expression (p = 0.04) indicate
a high proliferative activity combined with genomic instability, necessary fea-
tures for tumor growth and clonal expansion. This finding thus increases the
value of cyclin A as an independent prognostic marker for carcinoma develop-
ment in ulcerative colitis.

3. TRANSCRIPTOMICS

A rather well-defined correlation of tumor phenotype and genotype has been
established, mainly through the application of molecular and molecular cytoge-
netic techniques to study sequential changes during tumorigenesis. However, it
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Figure 15.1. Comparison of genomic imbalances in sporadic colorectal carcinoma (SCC) 
(n = 16), UCC (n = 19), and liver metastasis of SCC (n = 16). The number of alterations per chro-
mosome has been normalized to ten cases within each tumor type.



remains less clear how genomic aneuploidy and chromosomal imbalances
impact on the transcriptome. One could postulate that expression levels of all
transcriptional active genes on trisomic chromosomes would increase in accor-
dance with the chromosome copy number. Alternatively, changing the expres-
sion level of only one or a few genes residing on that chromosome through
tumor-specific chromosomal aneuploidies may be the selective advantage neces-
sary for tumorigenesis. This would require the permanent transcriptional silenc-
ing of most of the resident genes. Another formal possibility that must be
entertained is that chromosomal copy number changes are either neutral or
inversely correlated with respect to gene expression levels. This would mean that
gains or losses of chromosomes are a byproduct of specific gene mutations and
may not offer any selective advantage. Because of the many chromosomal aber-
rations usually found in cancer cells, it is difficult, if not impossible, to identify
the consequences of specific trisomies, independent from other coexisting
genomic imbalances, gene mutations, or epigenetic alterations.48

Methodology to analyze the consequences of chromosomal imbalances in
tumor genomes has become available through the development of microarray-
based gene expression profiling. This method has been first described by Schena
et al. and enables one the simultaneous analysis of thousands of genes for their
gene expression.49 Despite the exponential increase in the number of publica-
tions describing microarray experiments, only a few reports have attempted to
specifically address the question regarding the immediate consequences of chro-
mosomal aneuploidies vis-a-vis the dysregulation of the cellular transcriptome.
These reports came to quite different conclusions and none of them attempt to
address this question in the clinical setting of colorectal carcinogenesis.44, 50–53 In
addition, a comprehensive exploration of how global alterations of the cellular
transcriptome might correlate with sequential steps of cellular transformation
from normal mucosa by adenoma and carcinoma up to distant metastases has
not been described. Such analyses, however, could reveal potential candidate
genes for improved prognostics, diagnostics and therapeutics.

3.1. Immediate consequences of genomic imbalances on the transcriptome

Chromosomal aneuploidies are not only observed in sporadic and UCCs but in
essentially all sporadic carcinomas. These aneuploidies result in tumor-specific
patterns of genomic imbalances that are acquired early during tumorigenesis.13,

24, 54 For instance, one of the earliest genetic abnormalities observed in the deve-
lopment of sporadic colorectal tumors is trisomy of chromosome 7.32 Usually,
once acquired, these specific imbalances are maintained despite ongoing chro-
mosomal instability.55 It is therefore reasonable to assume that continuous selec-
tive pressure for the maintenance of established genomic imbalances exists in
cancer genomes. It is not known how genomic imbalances affect chromosome-
specific gene expression patterns in particular and how chromosomal aneu-
ploidy dysregulates the genetic equilibrium of cells in general. To model specific
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chromosomal aneuploidies in cancer cells and dissect the immediate conse-
quences of genomic imbalances on the transcriptome, we set up an experimen-
tal model system in which the only genetic alteration between parental and
derived cell lines is an extra copy of a single chromosome: we generated deriva-
tives of the diploid yet mismatch repair-deficient colorectal cancer cell line,
DLD1, and immortalized cytogenetically normal human mammary epithelial
cell line (hTERT-HME) using microcell-mediated chromosome transfer to
introduce extra copies of neomycin-tagged chromosomes 3, 7, and 13.56 FISH
with chromosome-specific probes confirmed the maintenance of extra copies of
these chromosomes under neomycin-selective cell culture conditions. In addi-
tion, SKY was performed to determine whether the chromosome transfer
process induced secondary karyotypic changes. With the exception of loss of the
Y chromosome in all DLD1 + 3 cells analyzed and in a small percentage of
DLD1 + 7 cells, all four derivative lines maintained the diploid karyotype of the
parental cell line and contained the additional copy of the introduced chromo-
some. These results were also confirmed by CGH. The global consequences on
gene expression levels were analyzed using cDNA arrays. Our results show that
regardless of chromosome or cell type, chromosomal trisomies resulted in a sig-
nificant increase in the average transcriptional activity of the trisomic chromo-
some (p < 0.001) (Figure 15.2).

Several important conclusions regarding the impact of chromosomal aneu-
ploidy on cellular transcription levels can be drawn from our analysis. First, alter-
ations in the copy number of whole chromosomes resulted in an increase in
average gene expression for that chromosome. The average increase in gene expres-
sion (1.21) however, was lower than the average increase of genomic copy number
(1.44). These results were consistent with results from similar analyses of aneu-
ploid colorectal, pancreatic, and renal cancer derived cell lines in which we
observed a trend, indicating that indeed chromosomal aneuploidies correlate with
global transcription levels.25, 44, 51 Second, chromosomes not observed to be aneu-
ploid in particular tumor types (i.e., chromosome 3 in colorectal tumors) also had
increased transcriptional activity when placed into that cellular environment.
Thus, their presence is not neutral with respect to the transcriptome. Third, aneu-
ploidy not only affects gene expression levels on the chromosomes present in
increased copy numbers, but a substantial number of genes residing on other
chromosomes significantly increased or decreased apparently in a stochastic man-
ner. The influence of chromosomal aneuploidy on the expression level of indivi-
dual genes was examined by considering only those genes whose expression ratios
were >2.0 (upregulated) or <0.5 (downregulated) when compared with the
parental cell line. Strikingly, none of the genes were affected in common among
any of the four cell lines. This observation is of course consistent with known
mechanisms of gene regulation (e.g., activator and suppressor proteins, signaling
pathways) and the fact that genes residing in a given pathway are for the most
part distributed throughout the genome on different chromosomes. Three groups
have analyzed the consequences of constitutional chromosomal trisomies on
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transcriptional activity in noncancerous fetal cells and in a mouse model of
human trisomy 21, and attained similar conclusions as us.57, 58, 59 These studies
concluded that the average gene expression of trisomic chromosomes is clearly
increased, although this was not due to high-level upregulation of only a few spe-
cific genes. However, expression levels of multiple genes throughout the genome
were dysregulated. Normal cells with constitutional chromosomal aneuploidies
(or segmental duplications) cannot tolerate trisomy of >4.3% of the genome.60, 61

However, this limit is not merely a reflection of the DNA content because multi-
ple copies of an inactivated X-chromosome can be tolerated. Therefore, this limit
is more likely to be imposed by global disturbance of the transcriptome as a
consequence of genomic imbalances. This hypothesis is supported by the recent
identification of differential average expression levels of specific chromosomes.
For instance, the average gene expression levels and gene density of chromosomes
13, 18, and 21 are lower than those of smaller chromosomes, yet trisomy of only
these chromosomes is compatible with life in noncancerous cells.61 It is interesting
to speculate that one of the specific features of emerging cancer cells, which would
differ from nontransformed cells that carry constitutional trisomies, would be the

168 CHAPTER 15

Chromosome 7 Chromosome 13 Chromosome 3

DLD1 + 7

DLD1 + 13

DLD1 + 3

HME + 3

Starting base numbers in millions Starting base numbers in millions Starting base numbers in millions

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

8
4
2
1

1/2
1/4
1/8

1 1 28 56 83 111 1 50 110 150 20030 70 118 157

Figure 15.2. Global gene expression profiles. Each scatter plot displays all genes and their corre-
sponding normalized ratio values along the length of each chromosome. Values in open circles rep-
resent ratio values between 0.5 and 2.0. Dark dots represent expression ratios ≥2.0 or ≤0.5.



ability to exceed this transcriptional threshold during the multiple steps required
for tumorigenesis. This global dysregulation of the transcriptome of cancers of
epithelial origin may also reflect on our ability for therapeutic intervention:
although the consequences of a simple chromosomal translocation, such as the
BCR/ABL fusion in chronic myelogenic leukemia, can be successfully targeted
with an inhibitor of the resulting tyrosine kinase activity such as Gleevec, the nor-
malization of the complex dysregulation of transcriptional activity in carcinomas
requires a more general, less specific, and hence more complex interference.62

4. PROTEOMICS

The term proteome was first defined in 1994 and denotes the entirety of proteins
expressed by the genome. Proteomics is thus understood as the consecutive step
following genomics. Proteomics techniques have rapidly evolved and are now
widely applied to monitor disease-specific alterations.63

4.1. Two-dimensional gel electrophoresis

In proteome research, two-dimensional gel electrophoresis (2-DE) is still the cor-
nerstone separation technique for complex protein mixtures64. The 2-DE
approach allows large-scale screening of the protein components of normal and
disease cells64. We used quantitative 2-D SDS PAGE (pH 4–7) to analyze protein-
based expression profiles for sporadic and hereditary, i.e., familial adenomatous
polyposis (FAP), colorectal cancer samples. The 2-D gels were stained using sil-
ver, coomassie, or sypro ruby, images were scanned and digitally compared using
PDQuest analysis software version 7.3. This is a powerful software offering auto-
mated spot detecting and matching function and integrates a statistical software
package. Using this technique it is possible to highlight proteins that are differ-
entially abundant in one state versus another (e.g., tumor vs normal).65

4.2. Matrix-assisted laser desorption ionization mass spectrometry

Within the matrix-assisted laser desorption ionization (MALDI) technique,
matrix and sample are cocrystallized on the MALDI plate and irradiated with
a laser pulse.66 The matrix absorbs the energy and acts as an intermediary for the
codesorption and ionization of sample and matrix. The ions are accelerated in an
electrical field and enter a field free drift tube. The mass-related time of flight is
detected and the analog signal converted and digitalized. The experimentally gen-
erated masses are compared with a set of mass profiles in a protein database, e.g.,
SwissProt, ExPASy, or UniProt. The most similar pattern determines the protein
“hit.” The tighter the mass tolerance, the more stringent is the identification.

The subsequent application of the 2-DE and mass spectrometry technique
could show that tumor-specific quantitative or qualitative changes of protein
patterns are indeed discernable. We performed a detailed analysis to identify
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sequential alterations of the proteome that define the transformation of normal
epithelium and the progression from adenomas to invasive disease. We have
analyzed tissue samples from 15 patients, including the mucosa–adenoma–
carcinoma sequence from individual patients.67 We determined the degree of
genomic instability during carcinogenesis by measuring DNA contents and
assessed protein expression levels by means of 2-DE and subsequent mass spec-
trometry. The 2-DE revealed a total of 112 polypeptide spots that showed an at
least twofold differential expression between the four stages of carcinogenesis.67

A total of 72 of these polypeptides could be characterized by mass spectrome-
try and 46 of those were exclusively overexpressed in tumors and metastases.
Unsupervised principal component analysis allowed separation of adenomas,
carcinomas, and metastases based on protein expression profiles. Interestingly,
two dysplastic polyp samples did not conformingly cluster in their cohort and
were closer located to the malignant samples (Figure 15.3). Both polyps revealed
aneuploid DNA distribution patterns, indicating an increased malignancy
potential.
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Figure 15.3. PCA plot of the protein expression data of all match set members, with the normal
cohort (green), polyps (yellow), tumors (blue), and metastases (red). The arrows highlight two
polyps that were outliers, showed aneuploidy in the DNA measurement (shown in the histograms)
and clustered closer to the tumors in the three-dimensional space.



FAP also termed adenomatous polyposis coli (APC) is an autosomal domi-
nant inherited disease with a germ line mutation of the APC gene on 5q21. In
spite of this specific genetic alteration early diagnosis in young patients without
polyposis onset and lack of a family history can be difficult and finally lethal.
Thus, there is a need for a better understanding of the disease process on the
molecular level in order to be able to introduce more sensitive diagnostic proce-
dures. Proteomics is a multifaceted approach to study various aspects of protein
expression. While DNA constitutes the “information archive of the genome,”
proteins actually serve as the functional effectors of cellular processes. We ana-
lyzed protein expression to elucidate pathways and networks involved in the
pathogenesis of FAP coli, its associated carcinomas, and in comparison with the
sporadic form of the disease.

Protein measurements were performed on 47 samples gained from 15 dif-
ferent patients. Proteins were separated by 2-DE revealing 1950 separated
proteins. Qualitative and quantitative differences in expression levels between
normal epithelium, adenoma, and carcinoma both in FAP and sporadic
colon cancer were compared and statistically evaluated. In addition, collect-
ing “triplets” from the same patient (normal, adenoma, and carcinoma) made
also an intra- and inter-patient comparison possible. We found 17 proteins
that showed quantitative changes between normal mucosa in FAP and spo-
radic normal mucosa with a false discovery rate (FDR) less than 10%.
Furthermore, qualitative analysis discovered 47 proteins present in all FAP
mucosa specimens and absent in the sporadic normal mucosa. Comparing
FAP polyps with sporadic colonic polyps we found 49 polypeptides that are
present in the FAP samples and absent in all sporadic polyps. One protein
was found to be present in the sporadic polyps only. We also found 66 pro-
teins whose absence/presence pattern coincides with the FAP/sporadic cancer
grouping. The data obtained on the protein expression level make it possible
to diagnose the FAP disease already in the “normally” appearing colorectal
mucosa.

4.3. Surface-enhanced Laser Desorption Ionization

One particularly intriguing possibility develops if tumor-specific changes could
be detected with noninvasive, cost-efficient formats, for instance, by detection of
disease-specific markers in the peripheral blood. However, the use of single
serum markers, e.g., carcinoembryonic antigen, has so far failed to deliver
markers of high sensitivity and specificity for colon cancer and most other
tumors.68, 69 Comprehensive serum proteome profiling for such tumor-specific
markers has therefore become a field of intensive research.70 A particular prom-
ising technique for serum proteome screening is based on surface-enhanced laser
desorption ionization time-of-flight (SELDI-TOF) mass spectrometry. A major
advantage of surface-enhanced laser desorption ionization (SELDI) is that
complex protein mixtures can be directly analyzed by mass spectrometry without
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any prior separation and purification. SELDI-TOF utilizes chromatographic
surfaces that retain proteins from a complex sample mixture according to their
specific properties (e.g., hydrophobicity and charge), with the molecular weights
of the retained proteins then being measured by TOF mass spectrometry.70

Microliter quantities of serum are directly applied to chips and the bound pro-
teins are treated and analyzed by mass spectrometry. The mass spectra patterns
obtained for different samples reflect the protein and peptide contents of these
samples. Protein identification itself needs to be performed in an additional
analysis step.71–73 The reliability and reproducibility have been proven even if
variation coefficients of 8–10% indicate the need for technical repeats.72, 73

SELDI-TOF mass spectrometry is particularly well suited to evaluate low-
molecular proteins (0.525 kDa) and is, as such, complementary to the 2-DE
approach.

The identification of SELDI-based protein profiles and the subsequent pro-
tein identification of features that allow the distinction between malignancy-
related and normal sera would be highly beneficial.

5. SUMMARY

Genomic aneuploidy occurs early and is commonly found in precancerous
biopsies of ulcerative colitis patients who subsequently develop a UCC. The
assessment of DNA ploidy could therefore become a basic element in future
surveillance programs in ulcerative colitis. The complementary detection of
increased cyclin A expression in aneuploid lesions — indicating clonal expan-
sion — seems to be the most powerful combination to predict imminent malig-
nant transformation for an individual patient. Moreover, genomic aneuploidy
in UCC tumors correlates with specific chromosomal gains and losses, which,
in turn, are associated with increased cyclin A levels. The overall pattern of
specific chromosomal aberrations in UCC tumors is similar to that seen in
sporadic colorectal carcinomas. The predominance of specific chromosomal
aneuploidies in colorectal cancers also affects the transcriptome of cancer cells.
In a well-defined model system we could observe that the introduction of an
extra copy of a given chromosome increases very specifically the overall aver-
age expression of genes on the trisomic chromosomes. Additionally, a large
number of genes on diploid chromosomes were also significantly increased,
revealing a more complex global transcriptional dysregulation. In addition,
increasing genomic instability and a recurrent pattern of chromosomal aberra-
tions are accompanied by distinct protein expression patterns that correlate
with subsequent stages of colorectal cancer progression. The identified proteins
underwent extensive posttranslational modifications, thus multiplying the
transcriptional dysregulation. Analyzing protein-based expression profiles for
sporadic and hereditary colorectal cancer samples allowed the detection of a
distinct protein expression pattern that seems to be characteristic for FAP-
diseased tissue.
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6. FUTURE PERSPECTIVES

The evolving technique of array CGH allows the identification of DNA copy
number changes of, ideally, individual genes and thus enables an increasing res-
olution compared with conventional CGH, which is performed on more or less
condensed chromosomes. One particular application, however, could be the
analysis of amplicons identified in sporadic and UCCs. Custom designed arrays
that contain genes located on distinct amplified chromosome segments would
enable to select for individual genes rather than chromosomal segments that are
highly amplified. Such genes could be used as marker genes for colorectal malig-
nancy. Their diagnostic and prognostic potential could be tested with gene-
specific probes by means of multicolor FISH in premalignant lesions (e.g.,
ulcerative colitis biopsies and adenomas). Thus, the combined analysis of DNA
ploidy measurements and colorectal cancer-specific Multi-FISH probes in pre-
malignant colorectal lesions could profoundly improve individual risk assess-
ment for imminent colorectal cancer development. However, the design of
customized arrays that contain the amplified genes might provide a more rapid
and high throughput screening approach compared with Multi-FISH. The
application of array CGH would also allow a direct correlation how single gene
copy number changes influence the transcriptional equilibrium. The employ-
ment of comprehensive gene and protein expression profiling in subsequent
stages of colorectal cancer progression allowed the identification of genes and
proteins that now warrant further validation by RNA interference (RNAi)
experiments, in order to prove their potential for gene and protein expression
tailored individualized diagnostic, prognostic, and therapeutic approaches. The
combined evaluation of ploidy status, amplification of disease and stage-
specific gene probes, and gene and protein expression patterns in clinical tissue
samples should be utilized in prospective studies to corroborate their value for
improved diagnostics, prognostication, and identification of therapeutic targets.
Proteomics-based antibody panels, ELISA tests and strategies combining sur-
face-mediated protein enrichment with direct mass spectrometric quantification
and identification of putative markers are thus promising ways for future can-
cer diagnosis. The field of proteomics promises accurate staging and, it is hoped,
individualized prognosis and treatment tailoring in the not-so-distant future.
The detection of malignancy related proteins in the serum might provide a
rapid, sensitive, and specific screening method for colorectal malignancies even
for early disease stages.
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CHAPTER 16

EFFECT OF HYPOXIA ON THE TUMOR PHENOTYPE:
THE NEUROBLASTOMA AND BREAST CANCER
MODELS

LINDA HOLMQUIST, TOBIAS LÖFSTEDT, AND SVEN PÅHLMAN

Department of Laboratory Medicine, Molecular Medicine, Lund University, University Hospital
MAS, Malmö, Sweden

Abstract: The tumor oxygenation status associates with aggressive behavior. Oxygen shortage,
hypoxia, is a major driving force behind tumor vascularization, and hypoxia enhances
mutational rate, metastatic spread, and resistance to radiation and chemotherapy. We
recently discovered that hypoxia promotes dedifferentiation of neuroblastoma and
breast carcinoma cells and development of stem cell-like features. In both these tumor
forms there is a correlation between low differentiation stage and poor outcome, and
we conclude that the dedifferentiating effect of lowered oxygen adds to the aggressive
phenotype induced by hypoxia. With neuroblastoma and breast carcinoma as human
tumor model systems, we have addressed questions related to hypoxia-induced
molecular mechanisms governing malignant behavior of tumor cells, with emphasis
on differentiation and growth control. By global gene expression analyses we are
currently screening for gene products exclusively expressed or modified in hypoxic
cells with the aim to use them as targets for treatment.

1. INTRODUCTION

Cancer is a multigenetic disease, and the tumor origin determines, at least in
part, which genes become affected. In total, some 100 different genes have been
shown to be somatically deranged as a consequence of the selective pressure
acting on tumor cells [1]. Even within a specific subgroup of tumors there is a
considerable genetic variability. This is one explanation of the tremendous
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phenotypic heterogeneity seen in major tumor forms such as breast, colon, and
prostate cancer and major pediatric cancers such as neuroblastoma. In the clin-
ical setting, the complexity of cancer cell behavior has become even more evi-
dent during the last decades with the realization that not only tumor cells proper
determine tumor aggressiveness. Our expanded knowledge of the pathophysiol-
ogy of tumors shows that the interplay between the genetically unstable and
altered tumor cells and the diploid, genetically stable stromal and blood vessel
cells most profoundly determines the behavior of tumors and patient outcome.
It is well established that tumor stroma affects the metastatic process and is
involved in raised interstitial tumor pressure [2], and neovascularization with
recruitment of vascular endothelial cells is a necessary and limiting factor in
growth of solid tumors [3].

The tumor oxygenation status is tightly linked to aggressive behavior, in part
explained by the facts that hypoxia is the major driving force behind tumor vas-
cularization [4,5], and that hypoxia enhances the development of other hall-
marks of aggressive tumor phenotypes [6], e.g., high mutational rate [7],
metastatic spread [8], lowered pH, and resistance to treatment by radiation or
cytotoxic drugs [9]. It is well established that growth of a solid tumor over a size
of a few millimeter requires vascularization of the tumor. Tumor hypoxia and
expression of vascular endothelial growth factor (VEGF) by stabilization and
activation of the hypoxia inducible transcription factors (HIFs) are major play-
ers in the formation of new blood vessels, and consequently VEGF signaling
and HIF activity are targets for novel treatment strategies aiming at blocking the
angiogenic process, and thus tumor growth [5]. In addition, we recently discov-
ered that low tumor oxygen levels lead to reduced expression of differentiation
lineage specific genes and to the development of stem cell-like phenotypes, as
demonstrated in neuroblastoma and breast cancer [10,11]. We conclude that this
effect of hypoxia has a direct bearing on tumor aggressiveness, as tumors with
immature features are more aggressive than corresponding, differentiated
tumors, which is particularly true in the case of neuroblastoma and breast can-
cer [12–14]. Thus, in order to understand central issues like phenotypic hetero-
geneity, metastatic growth, angiogenesis, drug sensibility, and drug resistance,
tumor physiological phenomena such as hypoxia, low pH, and high interstitial
pressure has to be taken into account.

2. THE CELLULAR RESPONSE TO HYPOXIA

2.1. Hypoxia-inducible factors

All organisms from bacteria to humans have mechanisms for maintaining O2
homeostasis in order to survive. A low availability of oxygen, hypoxia, results in
cellular responses which in vertebrates improves oxygenation and viability
through induction of angiogenesis, increase in glycolytic metabolism to raise
energy production and upregulation of genes involved in cell survival/apoptosis



[5]. As we know today, the most important proteins governing the adaptive
responses to hypoxia in mammals are the hypoxia inducible factors. HIF is a
heterodimer consisting of an α-subunit (HIF-1α, HIF-2α, or HIF-3α), which is
stabilized and activated with decreasing oxygen levels, and an oxygen-independ-
ent β-subunit also known as aryl hydrocarbon receptor nuclear translocator
(ARNT) [15]. Both subunits contain basic helix-loop-helix (bHLH) and PAS
domains (an acronym referring to the PER, ARNT, and SIM proteins, in which
this motif first was discovered) mediating DNA binding and protein het-
erodimerization. Under hypoxic conditions (frequently 1% O2 in experimental
systems), the HIF-1α subunit translocates within minutes, independently of
ARNT, to the nucleus by nuclear localization signals allowing rapid transcrip-
tional responses to lowered intracellular oxygen levels [16,17]. Upon reoxygena-
tion, HIF-1α protein is rapidly reduced with a half-life of <5 min and usually
becomes undetectable under normoxic conditions. HIF-1/ARNT heterodimers
bind to specific DNA sequences termed “hypoxia response elements” (HREs)
present in promoters or enhancers of HIF target genes [18]. Importantly, bind-
ing of HIF to HREs and subsequent activation of genes depends not only on
the amount of HIF complex, but also on coactivators such as CBP/p300 and
posttranslational modifications [19,20].

Of the HIF proteins, HIF-1α was first described and has also been most stud-
ied. Two other proteins, HIF-2α and HIF-3α, were later discovered and share
several characteristics with HIF-1α such as stabilization under hypoxia, het-
erodimerization with ARNT, DNA binding, and gene transactivation. Of the
two proteins, HIF-2α, which was first named endothelial PAS protein (EPAS-1),
has the highest similarity with HIF-1α [21]. HIF-2α is expressed in a comple-
mentary but not overlapping pattern to HIF-1α under systemic hypoxia. HIF-
3α also shares considerable homology with HIF-1α and HIF-2α, but lacks the
C-terminal transactivation domain and could thus act as a suppressor of the
HIF pathway [22]. Recently, a dominant negative regulator of the HIF-α sub-
units named inhibitory PAS (IPAS) domain protein was also identified as a
splice variant of the HIF-3α locus [23,24]. Moreover, discovery of sequence
homologues of ARNT [25] that may have distinct physiological roles together
with the HIF-α proteins further complicates the HIF network and the hypoxic
signaling response.

Both HIF-1α and HIF-2α are essential for normal development. HIF-1a−/−

mice exhibit gross morphological aberrations, and die at approximately embry-
onal day 11 (E11) due to neural tube defects and cardiovascular malformations,
reflecting the importance of HIF-1α during development [26,27]. The greater
severity of the HIF-1a−/− embryonic defects compared with ARNT-deficient
mice [28] indicates that HIF-1α dimerizes with other partners such as ARNT2
[25]. Deficiency of HIF-2α has a more restricted effect on development. During
embryogenesis HIF-2α is mainly expressed in vascular structures, but also in
different parts of the developing sympathetic nervous system (SNS), responsible
for catecholamine production prior to birth. HIF-2a−/− mice also die at
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E9.5–E13.5 of heart failure as a result of deficient catecholamine production, or
of severe vascular defects [21,29]. However, the HIF-2a−/− phenotype appears to
strongly depend on the genetic background, since defective catecholamine
synthesis is not exhibited in all HIF-2a knockout strains [29,30].

Adaptation to hypoxia is critical also for cancer cells, implicating involvement
of HIF proteins in tumorigenesis. Mouse hepatoma cell lines with mutated
ARNT form much smaller tumors that express only low levels of VEGF and do
not become highly vascularized [31]. Several studies have also associated HIF-
1α with human cancer progression [32,33]. Histological analyses have shown
that increased levels of HIF-1α correlate with poor prognosis and resistance to
therapy in various solid tumors [34,35]. Overexpression of HIF-1α has also been
associated with cell proliferation in several major tumor types, such as colon,
breast, lung, skin, ovarian, prostate, and renal carcinomas [35]. The increased
HIF-1α activity in cancers can result from intratumoral hypoxia as well as being
a consequence of genetic alterations (i.e., by oncogene activation or tumor sup-
pressor inactivation) or stimulation by growth factors [5]. In either case, higher
HIF-1α activity leads to upregulation of genes involved in many aspects of can-
cer progression, including metabolic adaptation, resistance to apoptosis,
increased angiogenesis, and metastasis. HIF-2α expression is also increased in a
variety of human tumors, including neuroblastomas as will be further discussed
in this contribution, but has mostly been associated with stromal cells [34,36].
Compared with bona fide cancer cells, stromal cells might mediate a different
response to hypoxia.

2.2. Regulation of HIF stability and function

At hypoxia the HIFs are stabilized due to inhibited protein degradation,
whereas at full access to oxygen the HIFs are degraded by the proteasomal path-
way. The prolyl hydroxylases (PHD) are key regulators of HIF-stabilization.
Using oxygen as substrate, PHDs hydroxylate conserved proline residues in the
oxygen-dependent degradation domains (ODD) of the HIF-α subunits [37,38].
The abundance of PHD proteins and their affinities for oxygen are main regu-
lators of the capacity of the PHDs to hydroxylate and thus promote degrada-
tion of HIFs. Hydroxylated prolines are recognized by the von Hippel-Lindau
tumor suppressor protein (pVHL), which associates with the ubiquitin E3-ligase
and forms a complex with HIFs resulting in proteasomal HIF degradation [39].
There are three identified PHDs that recognize HIF; PHD1, PHD2, and PHD3.
PHD2 and PHD3 mRNA have been shown to be upregulated in many cell
systems at hypoxia, also in neuroblastoma cells (to be published). The accumu-
lation of PHD proteins at hypoxia is part of a negative feedback loop, which is
responsible for enhanced degradation of the HIF-α subunits after reoxygena-
tion. Cells transfected with siRNA against the PHDs show prolonged HIF-α
stability after reoxygenation [40,41]. Furthermore, PHD2 seems to have a pref-
erence for HIF-1α, while PHD3 appears to target HIF-2α for hydroxylation
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[42,43]. Both PHD2 and PHD3 are known to be HIF-1α target genes, which
supports the idea of a negative feedback loop [44,45]. However, our data show
a fast and robust, but transient, induction of HIF-1α protein levels at hypoxia
(1% O2) in neuroblastoma cells, whereas HIF-2α reveals a prolonged protein
induction pattern at hypoxia [46,47]. The fact that HIF-1α drives the transcrip-
tion of PHD2 and PHD3 at hypoxia indicates that the HIF-1α negative feed-
back loop affects HIF-1α protein levels also at low oxygen levels. Studies using
siRNA further revealed that PHDs retain their functional activity at oxygen
conditions as low as 2% oxygen, indicating a role for PHDs in HIF-regulation
at low oxygen pressures [48]. In neuroblastoma cells we have shown that HIF-
2α mRNA levels, but not HIF-1α mRNA levels increase at prolonged (72 h)
hypoxia [49] and Uchida et al. [50] have seen similar patterns in lung epithelial
cells. In summary, our current view is that the mechanisms by which HIF-α pro-
teins accumulate differ between HIF-1α and HIF-2α. At hypoxia the PHDs
possibly exert their effect primarily on HIF-1α and not HIF-2α, which could be
an explanation for persistent HIF-2α protein levels at prolonged hypoxia in con-
junction with increased HIF-2α mRNA levels.

In addition to the PHDs, an oxygen-dependent asparagyl hydroxylase factor
inhibiting HIF (FIH) is involved in the regulation of HIF-α transcriptional
activity. Under normoxic conditions, FIH hydroxylates an asparagine residue
located in the C-terminal activation domain (CAD) of HIF-α. This post-
translational modification, which is inhibited by hypoxia, reduces interaction
with the CBP/p300 coactivators and results in a decreased ability of HIFs to
transactivate their target genes [51].

3. HYPOXIA DEDIFFERENTIATES TUMOR CELLS

3.1. The neuroblastoma model

Neuroblastoma is a childhood tumor derived from immature SNS or SNS pre-
cursor cells, and based on differentiation marker gene expression analysis most
neuroblastomas express a neuronal phenotype [52]. However, a subset of neu-
roblastomas contains tumor cells that have undergone a spontaneous neuronal-
to-neuroendocrine/chromaffin lineage shift in areas adjacent to zones of tumor
necrosis [52,53]. With the discovery of the HIFs, and in particular HIF-2α that
is selectively expressed in the developing SNS, including neuroendocrine cells
[10,21], we hypothesized that the differentiation lineage shift seen in these neu-
roblastomas might be hypoxia- and HIF-2α−driven. We did indeed detect HIF-
2α and HIF-1α protein in these neuroendocrinely differentiated tumors in the
zones of tumor cells surrounding necrotic areas, albeit HIF-2α protein was
abundant also in tumor cells close to blood vessels, and thus presumably well
oxygenized tumour areas [46]. However, when we experimentally addressed the
question of whether hypoxia promotes neuroendocrine differentiation using a
panel of human neuroblastoma cell lines grown under hypoxic conditions, our
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data suggested that hypoxic neuroblastoma cells, rather than adopting a neu-
roendocrine phenotype, lost their differentiated characteristics. We arrived at
that conclusion based on expression analysis of neuronal differentiation mark-
ers, which became downregulated at the same time as HIF-2α and HIF-1α pro-
teins were stabilized [10]. Thus, growth at low oxygen pressure (1% O2) resulted
in decreased expression of neuronal/neuroendocrine marker genes
(Chromogranin A and B, NPY, GAP43, dHAND, and HASH-1) and neurofila-
ment (NEF3), while genes linked to the decision of neural crest cells to develop
into a sympathetic precursor cell (KIT, ID2, NOTCH1, and HES1) were upreg-
ulated [10,46,49]. Global gene expression analysis of hypoxic neuroblastoma
cells confirmed these data and highlighted a number of additional genes sup-
porting our conclusion that hypoxia drives neuroblastoma cells towards an
immature phenotype [49].

As neuroblastomas are derived from the SNS, which in turn stems from the
neural crest [54], we concluded that hypoxic neuroblastoma cells gain stem cell-
like neural crest characteristics. Hedborg et al. have addressed the same question
and also analyzed the hypoxic phenotype of cultured neuroblastoma cells [55].
They came to the conclusion that hypoxic neuroblastoma cells in culture go
through a neuronal-to-neuroendocrine transition, similar to the in vivo situation
in some neuroblastomas. However, their conclusions are based on a limited
number of cell lines and marker genes, and importantly, the only established
neuroendocrine marker investigated, chromogranin A (except for two bona fide
hypoxia-driven genes, IGF-2 and TH [10,56,57]) did not increase in their hypoxic
cells. Thus, our and Hedborg’s data are largely in agreement, but we come to dif-
ferent conclusions. As our conclusion is based on a substantial number of cell
lines, on global gene expression data, and analyses of several recognized neu-
ronal and neuroendocrine markers, we are confident that human neuroblastoma
cells of established cell lines do not differentiate toward a neuroendocrine phe-
notype at hypoxic (1% O2) growth conditions. Recently, it was reported that the
nerve growth factor receptor TrkA exists in a truncated, NGF-independent,
constitutively activated form in neural stem cells and in some neuroblastomas
[58]. Treatment of neuroblastoma cells with the hypoxia mimetic cobalt chloride
induced the expression of the truncated, stem cell-associated form of TrkA, sup-
porting our findings that hypoxia pushes neuroblastoma cells to a stem cell-like
phenotype, although these authors never directly tested the effect of hypoxia.

Clearly, cultured hypoxic neuroblastoma cells do not differentiate into a neu-
roendocrine lineage, and their response to hypoxia do not reiterate the neuronal-
to-neuroendocrine lineage shift seen in a subset of clinical neuroblastomas. In
retrospect, this finding is perhaps not so surprising as most neuroblastoma spec-
imens do not show this lineage shift [12,52]. In general, neuroblastoma cell lines
are established from highly aggressive, immature tumors, while those neuroblas-
tomas showing neuroendocrine features appear to be more differentiated.
Therefore, one might argue that established neuroblastoma cell lines most
likely do not represent neuroblastoma cells with a capacity to differentiate into
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a neuroendocrine lineage. From a clinical as well as a tumor biological pers-
pective, the dedifferentiating effect of hypoxia on tumor cells, highlighted by
the study of high stage neuroblastomas, is probably a far more important
observation.

3.2. The breast carcinoma model

The effect of hypoxia on tumor cell differentiation is not restricted to neurob-
lastoma and experimental tumor models, which we demonstrated in ductal
breast carcinoma in situ [11]. In these tumor lesions, hypoxic cells, surrounding
the necrotic zones and expressing HIF-1α protein, are morphologically imma-
ture by standard clinical histopathological criteria compared with well-oxyge-
nized cells close to the basal membrane layer surrounding the tumor duct.
Interestingly, hypoxic tumor cells had high expression of the breast epithelial
stem cell marker, cytokeratin 19, and in estrogen receptor (ER) positive tumor
lesions, the ER expression was downregulated in hypoxic cells ([11], Kronblad
et al., to be published), presumably as part of a hypoxia-induced dedifferentia-
tion process. We postulate that hypoxia-induced tumor cell dedifferentiation is
one mechanism by which hypoxia contributes to the selection of a malignant
tumor phenotype, as poor differentiation correlates positively to adverse out-
come in both breast cancer and neuroblastoma [12–14].

4. MOLECULAR MECHANISMS OF HYPOXIA-INDUCED 
DEDIFFERENTIATION

The sequential molecular steps involved in the conversion of migrating neural
crest cells to sympathetic precursors and finally to differentiated nonmigrating
sympathetic neuroblasts, or SNS chromaffin cells, are far from known. However,
genes shown to be important for lineage determination of SNS precursor cells
were found to be affected by hypoxic treatment in neuroblastoma [10]. Hypoxia
downregulated members of the bHLH transcription factor family, such as the
neuronal markers HASH-1 and dHAND while their counteracting HLH factors,
the ID proteins, became upregulated. Furthermore, the dimerization partner for
HASH-1 and dHAND, the E-protein E2-2 was also downregulated by hypoxia
[49]. As also NOTCH-1 and its downstream-regulated genes, including HES-1,
were activated by hypoxia, a causal link between the NOTCH/HES pathway and
HASH-1 downregulation might exist and contribute to the dedifferentiated phe-
notype [10,49]. These results taken together suggest a contributing molecular
mechanism by which hypoxic neuroblastoma cells dedifferentiate (Figure 16.1).
A more direct involvement of HIF proteins in this process achieved further
support when we demonstrated that hypoxic ID2 expression was regulated by
HIF-1 [59]. In that study the expression of another ID member, ID1, was also
increased by hypoxia. The hypoxia-induced ID proteins could play a significant
role in the initial phase of dedifferentiation by sequestering E-proteins such as

EFFECT OF HYPOXIA ON THE TUMOR PHENOTYPE 185



E2-2, and thereby inhibiting dimerization with HASH-1 and dHAND and their
DNA-binding capacities. Reduced expression of neuronal bHLH transcription
factors, together with inhibited bHLH function by ID proteins as a response to
hypoxia would have profound effects on genes regulated by HASH-1 and
dHAND. The fact that ID genes are downregulated upon induced differentia-
tion in neuroblastoma [60], and are reduced during differentiation of several
other cell types [61,62], further implicates their role in hypoxic dedifferentiation
of neuroblastoma and likely other tumors as well. Since upregulation of ID1
and ID2 also was found in hypoxic breast cancer cells [59], and cells expressing
HIF-1α in lesions of ductal breast carcinoma in situ were morphologically
dedifferentiated [11], a possible connection between the ID proteins and breast
tissue-specific bHLH factors may exist and be affected by hypoxia.

The involvement of HIF proteins, directly or indirectly, in hypoxic gene tran-
scription of differentiation-related genes has not yet been investigated on a full
scale in neuroblastoma or in other tumor types. It is likely, although not certain,
that genes rapidly induced by hypoxia are direct HIF-target genes since HIF-1α
and HIF-2α proteins become instantaneously stabilized and active in response
to lowered oxygen in almost all cell types, including neuroblastoma [10,16].
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Figure 16.1. Molecular mechanisms involved in dedifferentiation of hypoxic neuroblastoma cells.
Under normoxic conditions, the ID proteins are expressed at moderate levels allowing functionality
of E-proteins (E2-2) in complex with tissue-specific bHLH proteins (i.e., dHAND and 
HASH-1) leading to expression of neuronal marker genes. In expanding solid tumors, regions of
intratumoral hypoxia are formed where hypoxia-inducible factors (HIFs) are stabilized and func-
tional. In the hypoxic microenvironment, the tissue-specific transcription factors and their dimer-
ization partners are downregulated with a concomitant HIF-induced expression of ID2 (and
potentially ID1). These processes together with a hypoxia-induced activation of the NOTCH/HES
signaling network result in downregulation of neuronal and neuroendocrine markers and develop-
ment of a less differentiated phenotype. Based on results published in [10,49,59].



5. CLINICAL HETEROGENEITY AND STABILITY OF THE 
HYPOXIC PHENOTYPE

Most solid tumor forms show extensive phenotypic heterogeneity both among
tumors of the same diagnosis group and within a given tumor, as revealed by
histopathological examination. As hypoxia has profound effects on the pheno-
type of any cell type including tumor cells, oxygen shortage contributes sub-
stantially to tumor heterogeneity. The hypoxic response is similar in most cells,
i.e., increased expression of classical hypoxia/HIF-driven genes like VEGF,
GLUT-1 and GLUT-3 and genes coding for glycolytic enzymes. Microarray
analysis based on 27,000 genes and ESTs of seven different human neuroblas-
toma cell lines grown at 21 or 1% O2, revealed an overall, uniform hypoxic
response with induction of well-established hypoxia-driven genes like those
mentioned above (Fredlund, Ovenberger, and Påhlman, to be published).
A more detailed analysis disclosed a considerably more complex picture. While
only four genes where up- or down-regulated twofold or more in all seven cell
lines, the expression of as many as 7,000 genes were changed twofold or more in
at least one of the seven cell lines. We could not show that the response in one
or a few cell lines stood out against the others, which would offer an explana-
tion why so few genes were uniformly regulated in all tested cell lines. Instead we
have data showing that the discrepancies are explained by an unpredictable lack
of or reduced hypoxic response of individual genes in one or two cell lines and
that these cell lines differ from one gene to another. For example, in one neu-
roblastoma cell line the glucose transporter gene GLUT-1 was downregulated
when GLUT-3 was upregulated by hypoxia. In another cell line, the opposite
pattern was seen, while in the remaining five cell lines both GLUT genes were
upregulated as expected [63], since both genes have been shown to be HIF-1α-
driven [5]. Thus, for unknown reasons, the hypoxic response in at least human
neuroblastoma cells is not as coherent as one might have expected, and trans-
lated to the clinical situation, adverse responses to low oxygen levels of subsets
of tumor cells within a given tumor, will add to the complexity of the tumor
phenotype.

In a growing tumor, the oxygenation level is not static but changes with the
formation of new, and collapse of old tumor blood vessels. We therefore tested
how persistent the immature features of hypoxic neuroblastoma cells are upon
reoxygenation, as this will reflect the situation of an extravasating cancer cell
encountering well-oxygenated blood. Expression analysis of a selection of early
neural crest markers as well as later sympathetic markers revealed that the ded-
ifferentiated hypoxic neuroblastoma phenotype persisted for up to 24 h. This
was the situation irrespective of whether hypoxic neuroblastoma cells were
reoxygenated to an atmospheric (21% O2) and not very physiological condition,
or to a more physiological tissue oxygen pressure (5%). However, the hypoxic
phenotype was reversible after 72 h of reoxygenation (Figure 16.2). Intermittent
(cycles of 1 and 21% O2), as well as long-term (12 days) hypoxia reinforced the
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hypoxic phenotype but it was still reversible after 72 h of reoxygenation at 21%
O2 [47]. In agreement with the findings of Hedborg et al., we conclude that the
hypoxic response is reversible upon reoxygenation.

6. TARGETING THE HYPOXIC PHENOTYPE

The hypoxic phenotype is principally tumor-specific and one overriding aim of
our ongoing hypoxia project is to identify genes that are strongly induced by
hypoxia (and hypoglycemia) and to use these genes as targets for treatment. We
are specifically focusing on genes that are coding for cell surface proteins. An
ideal candidate gene would have limited expression in normoxic tumor cells, as
well as in normal tissues. Given the dedifferentiating effect of hypoxia on tumor
cells, we are currently searching our microarray databases for hypoxia-inducible
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genes normally expressed early during development, with initial focus on growth
factor receptors, membrane channels, and adhesion molecules. As an alternative
strategy, as well as an important step to verify that changes in gene expression
identified by microarray analysis are indeed correlating to altered protein levels,
protein fractions from normoxic and hypoxic tumor cells are analyzed by 2-D
gel electrophoresis followed by mass spectroscopy identification of hypoxia-
induced proteins or protein modifications induced by hypoxia. If we identify
proteins that are more or less uniquely expressed or modified in hypoxic cells,
the idea is to generate antibodies and to test their selectivity for hypoxic tumor
cells both in vitro and in animal tumor models.

7. CONCLUSIONS

The observation that hypoxia appears to be a general mechanism by which
tumors develop an immature phenotype is conceptually novel and highlights a
new aspect of the aggressiveness of hypoxic tumors. The hypoxic phenotype,
being essentially tumor-specific, is an attractive target for treatment. As outlined
here, uniquely or highly overexpressed genes/proteins in hypoxic cells might suc-
cessfully be explored as antibody targets, and might target the tumor stem cell
compartment generally believed to be resistant to treatment.
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Abstract: Survival in advanced non-small-cell lung cancer (NSCLC) patients treated with
platinum-based chemotherapy is rather variable. Methylation-dependent
transcriptional silencing of 14-3-3σ, a major G2/M checkpoint control gene, could be
a predictor of longer survival. A sensitive methylation-specific polymerase chain
reaction assay was used to evaluate 14-3-3σ methylation status in pretreatment serum
DNA obtained from 115 cisplatin-plus-gemcitabine-treated advanced NSCLC
patients. 14-3-3σ methylation was observed in all histologic types in 39 patients (34%).
After a median follow-up of 9.8 months, median survival was significantly longer in
the methylation-positive group (15.1 vs 9.8 months; P = 0.004). Median time to
progression was 8 months in the methylation-positive group, and 6.3 months in the
methylation-negative group (P = 0.027 by the log-rank test). A multivariate Cox
regression model identified only 14-3-3σ methylation status and ECOG performance
status (PS) as independent prognostic factors for survival. In an exploratory analysis,
median survival for 22 methylation-positive responders has not been reached, while it
was 11.3 months for 29 methylation-negative responders (P = 0.001). Methylation of
14-3-3σ is a new independent prognostic factor for survival in NSCLC patients
receiving platinum-based chemotherapy. It can be reliably and conveniently detected
in the serum, thus obviating the need for tumor tissue analysis.

Key words: 14-3-3σ, aberrant methylation, serum circulating DNA, NSCLC, cisplatin,
gemcitabine
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1. DNA METHYLATION: GENERALITIES

DNA methylation is one of the most common epigenetic events in mammalian
genome. Recent studies show that it plays an important role in many biology
events. Its influence in human carcinogenesis has been reported a few years
ago [1].

Human genome contains regions of unmethylated segments interspersed by
methylated regions. Small regions denominated CpG islands, ranging from 0.5
to 5.0 kb and occurring on average every 100 kb, are unmethylated. Because
DNA methylation is a chemical modification that consists in the addition of a
methyl group at the carbon 5 position of the cytosine ring in the sequence con-
text 5′CG 3′. CpG islands are targeted at these genome modifications. This
process is carried out by a group of enzymes known as DNA methyltransferases
(DNMTs) [2]. As CpG islands are often associated with the promoter regions,
methylation in a gene promoter region generally correlates with silencing of the
gene [3].

In recent years, a high number of groups have extensively mapped an increas-
ing number of gene CpG islands that are aberrantly hypermethylated in cancer.
Genes can only be transcripted if three criteria are satisfied: (1) appropriate
transcription factors are available; (2) the histones are acetylated and unmethy-
lated; and (3) the cytosines in the CpG island remain unmethylated. However, in
some exceptional cases, methylated DNA have been found in imprinted genes,
on the X chromosome in women, in germ line-specific genes, and tissue-specific
genes [4]. Genomic parental imprinting is restricted to one allele, either the
paternal or maternal variant, by gene silencing due to selective DNA hyperme-
thylation. A similar process occurs during X inactivation in women; the CpG
island of all genes on one X chromosome are methylated, thus rendering the
genes inactive and avoiding redundancy. Although DNA methylation is not
widely used for regulating normal gene expression, there are important cases in
which it plays an important role.

But among these important steps, hypermethylation of CpG islands also con-
tributes to the carcinogenesis process. This is due to the fact that cancer cells
exhibit two opposing changes in their pattern of DNA methylation: an overall
decrease in DNA methylation in the bulky chromosome with an increasing
methylation of CpG islands. These two effects, developed at the same time, play
important roles in the tumoral process.

CpG hypermethylation can be an important topic in cancer if we consider the
frequency of the process, the nature of some genes involved, the similar selective
advantages conveyed by these changes, and by mutations in coding regions.
Moreover, data suggest that epigenetic and genetic events interact in tumor pro-
gression [2]. These genes are involved in cell cycle regulation (p16, p15, and Rb),
in DNA repair (BRCA1 and MGMT), apoptosis (DAPK and TMS1), drug
resistance, detoxification, differentiation, angiogenesis, and metastasis.



1.1. Principal pathways affected by DNA methylation

1.1.1. Cell cycle

Hypermethylation of the cell cycle inhibitor p16INK41, very common in many
tumors, enables cancer cells to escape senescence and begin to proliferate.

1.1.2. DNA repair

DNA methylation plays a major role in many repair pathways. The conse-
quences of aberrant DNA methylation of repair pathways include: (1)
microsatellite instability in sporadic colorectal cancer due to the silencing of the
DNA mismatch repair gene hMLH1; (2) mutations in K-ras; and (3) p53 caused
by hypermethylation of MGMT gene, preventing thus the removal of groups at
the 06 position of guanine, hypermethylation [5,6].

2. NSCLC AND ABERRANT DNA METHYLATION

NSCLC is a heterogeneous disease with a remarkable variation in survival time
amongst individual patients treated with the same approach. The platinum-
based cytotoxic doublets have resulted in a high response rate and prolonged
survival at 1 year. A large randomized clinical trial demonstrates the equivalence
of four platinum-based cytotoxic doublets (with either paclitaxel, docetaxel, or
gemcitabine) with a median survival of 7.9 months. This study shows a survival
rate of 33% at 1 year and 11% at 2 years, among patients with good PS [7]. In a
multivariate analysis, many negative survival prognostic factors in advanced
NSCLC patients have been analyzed, in order to identify those that can be used
to predict survival [8]. PS 1 was found to predict a worse outcome than PS 0,
while patients with PS 2 had a high rate of serious adverse events and a very
short survival [7,8].

A more recently randomized study of 1,218 patients reported a survival of 11
months in stage IIIB–IV patients [9]. However, there are no clinical parameters
to understand the difference in survival amongst patients with advanced disease
[8]. A better understanding of the alteration of gene functions in cancer could
provide a breakthrough to help explain these survival variations.

In lung cancer, investigation has demonstrated that more than 40 genes seem
to be altered by these epigenetic events [1].

3. DETECTING ABERRANT PATTERNS OF METHYLATION 
IN CIRCULATING DNA

Free DNA can be detected in different body fluids, e.g., urine, synovial fluid,
pancreatic duct secretions, sputum, and serum/plasma. This DNA circulating in
serum/plasma is found in small amounts in healthy controls, but in cancer
patients higher concentrations of DNA are present. The presence of nucleic
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acids in plasma or serum of cancer patients has been recognized since the 1970s
[10], when Leon et al. reported the presence of DNA in the serum of patients
with diverse neoplastic diseases. Tumor cells released small quantities of doubles
strand of DNA fragments into the circulation, with higher levels in patients with
metastases [11]. In 1989, Stroun et al. [12] using a technique based on decreased
strand stability of cancer cell DNA, recognized that part of the plasma DNA
had the origin in cancer cells. After 5 years, Sorensoen et al. [13] reported the
detection of tumor-derived mutated K-ras DNA sequences in human blood
from pancreatic cancer patients. In many tumors, like head and neck [14], small-
cell lung [15], and NSCLCs [16,17], the same microsatellite alterations detected
in tumor were also found in plasma or serum DNA.

However, one interesting conclusion from most of these studies is the fact that
it is possible to find alterations in serum/plasma in the vast majority of cancer
patients. This finding opened a lot of possibilities for the use of this
serum/plasma as a tool for the detection of potential molecular markers to avoid
invasive tools in order to obtain tumoral tissue [18].

4. METHODOLOGY: MSP ANALYSIS

On the basis of this data, using a sensitive MSP technique for abnormal pro-
moter hypermethylation was possible to detect an aberrant promoter hyperme-
thylation of tumor suppressor genes in serum from NSCLC [18].

Methylation-specific PCR (MSP) procedure uses bisulphite-modified
genomic DNA. Bisulphite modification converts cytosine to uracil at an effi-
ciency ≥99%; but if the cytosine is methylated, it is not converted. The DNA
template can then be amplified for specific genes that could be methylated
through the design of methylation-specific primers. Therefore, with the MSP
assay small amounts of DNA template (~50–200 ng) can be used to detect gene-
specific promoter hypermethylation in DNA recovered from frozen or paraffin-
embedded fixed tumors as well as biological fluids such as sputum and plasma
[19]. Because primers are designed in order to recognize only methylated or
unmethylated alleles, contaminating normal tissue does not interfere with the
ability to detect methylation. Moreover, unlike mutation screens that survey
numerous exons to detect gene dysfunction (e.g., in TP53), the MSP approach
uses one primer set to assay a common genomic region where the detection of
methylation is associated with loss of gene function. The MSP method is a sen-
sitive assay (1 in 104) for detecting methylation in the presence of contaminating
normal tissue or cells. The MSP assay can also be conducted directly on tissue
sections (in situ MSP) to identify the clonality of the gene silencing in tumors
and premalignant lesions [20]. Recent studies demonstrated the sensitivity of the
MSP procedure to detect one methylated allele in ~50,000 unmethylated alleles
by incorporating a nested PCR approach [21]. In this analysis, the use of nested
MSP assay first amplifies the CpG island for the gene being evaluated without
preference for methylated or unmethylated alleles, and then, a portion of the
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stage 1 PCR product is used in a second round PCR with primers specific to
methylated or unmethylated alleles. This approach improves the sensitivity of
MSP for examining biological fluids such as sputum, which is highly contami-
nated with normal cells, or formalin-fixed tissues, where usually the nucleic acids
might be highly degraded.

5. GENES RELATED WITH CHEMOSENSITIVITY

14-3-3σ gene: 14.3.3σ (stratifin) is a member of the large family of 14.3.3 pro-
teins. This protein interacts in cell cycle progression, apoptosis, and mitogenic
signaling, by binding and sequestrating phosphorylated proteins [22,23].
Multiple effectors are involved in the checkpoints that permit the transitions
between cell phases. 14.3.3σ promotes cell cycle arrest in G2 following DNA
damage. Its expression is induced by p53 [23–25]. This function has been ana-
lyzed in the human colorectal cell line, HCT 116, which has intact p53 and
14.3.3σ [22–25]. After irradiation of HCT 116 cells, 14.3.3σ sequestered
Cdc2/cyclin B1 complexes in the cytoplasm, thus arresting cells in G2 and pre-
venting them from initiating mitosis before repair to their damage DNA [25]
(Figure 17.1A).

Colon carcinoma cells lacking 14.3.3σ treating with adriamycin can still initi-
ate, but not maintain, G2 arrest, leading to mitotic catastrophe and cell death
[25] (Figure 17.1B). Based on the data provided, the expression of 14.3.3σ is
reduced by p53 gene inactivation and by silencing of 14.3.3σ gene by methyla-
tion of CpG island [3,26].

Many studies support the idea that hypermethylation at the 14.3.3σ is a con-
sistent molecular alteration in breast cancer that is involved in gene silencing
[27]. Moreover by proteomic analysis, 14.3.3σ was undetectable in breast cancer
samples [28]. Similar effects of the 14.3.3σ hypermethylation have been sup-
ported in many tumors, including lung [29], gastric [30], ovarian [31], prostate
[32], and hepatocellular [33] carcinomas.

14.3.3σ shows to be methylated in 43% of 60 gastric cancers. In gastric cell
lines, either with wild type or mutated p53, the sensibility of them to
Adriamycin was conserved. However, 14.3.3σ methylation negative cell lines,
either with wild type or mutated p53, were resistant [30]. The cell cycle check-
point plays an important role in maintaining the integrity of the cells. So, defects
in it may contribute to chemosensitivity. On the basis of these data, we reasoned
that patients with 14.3.3σ methylation positive tumors would derive greater ben-
efit from cisplatin-based chemotherapy.

CHFR: Another important gene that is affected by promoter hypermethyla-
tion is CHFR. CHFR is a checkpoint gene that coordinates an early mitotic
phase by delaying chromosome condensation in response to microtubules poi-
sons [34]. It contains a RING finger domain that is essential for the cell cycle
checkpoint, playing a role in the ubiquitination of many proteins [35,36] and
also contains an FHA domain that recognizes phosphorylated proteins [37].
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The deletion of this domain showed an attenuation in the CHFR function [35].
The inactivation of CHFR can occur by promoter hypermethylation or, less
common, by missense mutation. The overall frequency of CHFR is quite high,
between 15 and 50% in various tumor types [38].

In spite of the importance of this gene in human cancer, its molecular func-
tion is poorly understood. CHFR, as a mitotic stress checkpoint gene, regulates
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Figure 17.1. Transition through the cell cycle involves a series of precise events that ensure order
(DNA replication, spindle assembly, nuclear division, and cytokinesis) and directionality. (A) illus-
trates the function of 14–3–3σ in G2 cell cycle checkpoint control in response to DNA damage.
Following ionizing irradiation or adriamycin, 14–3–3σ sequesters Cdc2/cyclin B1 complexes in the
cytoplasm, arresting the cells in G2. (B) illustrates that following chemotherapy, 14–3–3σ methyla-
tion-positive tumor cells cannot maintain G2 arrest, leading to mitotic catastrophe and cell death.



a prophase delay in cells exposed to agents that disrupt microtubules, such as
nocodazole and taxol. A recent study shows that CHFR delays cell cycle at early
prophase after exposure to these agents. These cells arrested in the early
prophase do not show signs of chromosome condensation. This event involves
the inhibition of the Cyclin B1 in the nucleus by CHFR [38].

FANCF: Another important event where the epigenetic silencing of the gene
leads to sensitivity to drugs in ovarian cancer cells is FANCF. This gene is one
of seven members of the Fanconi Anemia genes whose protein products 
were found to interact with proteins involved in DNA repair pathways. FANC
interacts with BRCA1 through ubiquination of FANCD2. Defects in Fanconi
Anemia BRCA (FA-BRCA) pathways are associated with increased
sensitivity to DNA damaging agents, such as cisplatin [39]. The hypermethyla-
tion of FANCF in ovarian cancer cells lines contributes to selective sensitivity
to platinum salts and has been observed in about 20% of primary ovarian
cancers [40].

6. METHYLATION PATTERNS AND CHEMOSENSITIVITY IN
NSCLC: CLINICAL APPLICATION

With this example, we want to illustrate the relationship between aberrant pat-
terns of DNA methylation in circulating serum DNA and chemosensitivity in
patients.

This study was a multicenter prospective trial where we investigated whether
14.3.3σ methylation in pretreatment serum DNA could predict survival in
advanced NSCLC cancer patients treated with cisplatin plus gemcitabine.

From a total of 115 patients enrolled, the median follow up of patients still
alive at the time of analysis was 17 months (range 1–30.7) [41].

For the analysis of circulating DNA, we used 10 mL of peripheral blood that
were collected in clot activator tubes and the serum was separated from cells by
centrifugation. DNA was extracted from serum by using commercial kit and
resuspended in a final volume of 50 µl. Methylation-specific polymerase (MSP)
chain reaction was performed with primers specific for either methyalted or the
modified unmethylated DNA spanning the regions between CpG dinucleotides
3 and 9 within 14.3.3σ gene. We obtained representative results of the MSP
chain reaction analysis that are illustrated in the following Figure 17.2.

Table 17.1 shows the clinicopathologic characteristics of the 115 patients
according to methylation status.

Paired tumor and serum DNA from an independent group of 28 surgical
resected NSCLC patients was used in order to validate the results obtained in
circulating serum DNA; seven of them were methylated positive in both tumor
and serum and the remaining 21 were methylation-negative (Figure 17.2B).

In this study we have observed that overall time to progression for all 115
patients was 6.9 months (95% CI, 5.3–8.5). Median survival for all 115 patients
was 10.9 months (Figure 17.3).
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Correlation between time to progression and 14.3.3σ methylation status was
6.3 months (95% CI, 4.5–8.2) for the methylation-negative group and 8 months
for the methylation-negative groups (P = 0.0027 by the two-side log rack test)
(Figure 17.4).

The correlation between survival and 14.3.3σ methylation status was 9.8
months (95% CI, 7.3–12.5) for the methylation-negative group, compared with
15.1 months (95% CI, 9.7–20.6) for the methylation-positive group (P = 0.004
by the two-side log rack test) (Figure 17.5).

Data show that only 14.3.3σ methylation status was identified to be an inde-
pendent prognostic factor for time to progression.

Kaplan-Meier curves for survival of responders according to 14.3.3σ methy-
lation status [42,43] showed that median survival for 22 to 14.3.3σ methylation-
positive responders has not been reached, while for 29 14.3.3σ
methylation-negative responders, it was 11.3 months (95% CI, 9.0–13.5) (P =
0.001 by the two-sided log rank test). The estimated survival rate at 18 months
is 64% (95% CI, 44–94%) for the methylation-positive responders and 21% (95%
CI, 9–47%) (P = 0.017 by the two-sided log rank test) for the methylation-
negative responders (Figure 17.6).
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Figure 17.2. Methylation of 14-3-3σ in serum DNA, M: methylated; U, unmethylated; HT29;
human colorectal cell line used as unmethylated control; MP, in vitro Sss1 bisulfite-modified pla-
cental DNA used as methylated control, C— no template control. (A) Serum DNA obtained from
Gem/Cis Patients. (B) Tumoral and paired serum DNA used as validation tool. MP: placental DNA
treated in vitro with Sss I methyltransferase (New England Biolabs, Beverly Hills, MA); HT-29:
colorectal cell line HT-29 (ATCC, Rockville, MD); C– and H2O: negative control.



Methylation-negative responders had four times greater risk of death than the
methylation-positive responders (hazards ratio = 3.95 [95% CI, 1.57–9.94; P =
0.004] by the Cox model).

7. DISCUSSION

Chemotherapy resistance is an important impediment in the success of tumor
treatment. In general, the mechanisms by which this process is carried out are
difficult to understand as they involved many cellular pathways: (1) p53 and
K-ras mutations; (2) aberrant expression of genes that prevents apoptosis [44]; (3)
methylation-dependent gene silencing [45]; and (4) excessive activation of mito-
genic pathways by mutations in the epidermal growth factor receptor [46,47].

In this context, molecular changes associated with gene silencing may serve as
marker for risk assessment, diagnosis, and prognosis [3]. Studies of many genes
methylated, involved in cell checkpoints, have reported the importance of them
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Table 17.1. Patient characteristics for all patients by 14-3-3σ methylation status (N = 115)

Total 14-3-3σ Methylation- 14-3-3σ Methylation-
negative positive

No. Patients 115 76 39
Age 62 63 61
Median range 31–81 40–81 31–78

Sex
Male 108 (93.95%) 70 (92.1%) 38 (97.4%)
Female 7 (6.1%) 6 (7.9%) 1 (2.6%)

Smoking status
Smoker 99 (86.1%) 64 (84.2%) 35 (89.7%)
Non-smoker 16 (13.9%) 12 (15.8%) 4 (10.3%)

ECOG Performance Status
0 32 (27.8%) 21 (27.6%) 11 (28.2%)
1 83 (72.2%) 55 (72.4%) 28 (71.8%)

Histology
Adenocarcinoma 51 (44.7%) 38 (50.7%) 13 (33.3%)
Squamous cell carcinoma 42 (36.8%) 23 (30.7%) 19 (48.7%)
Large cell carcinoma 21 (18.4%) 14 (18.7%) 7 (17.9%)

Pleural effusion
Yes 25 (21.7%) 16 (21.1%) 9 (23.1%)
No 90 (78.3%) 60 (78.9%) 30 (76.9%)

Prior surgery
Yes 8 (7%) 5 (6.6%) 3 (7.7%)
No 107 (93%) 71 (93.4%) 36 (92.3%)

Response
Complete response 2 (1.8%) 2 (2.8%) 0
Parcial response 49 (44.5%) 27 (38%) 22 (56.4%)
Stable disease 26 (23.6%) 21 (29.6%) 5 (12.8%)
Progressive disease 33 (30%) 21 (29.6%) 12 (30.8%)
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Figure 17.3. Survival and time to progression for 115 patients treated with Gem/Cisp.

Figure 17.4. Kaplan-Meier probability of time to progression according to 143-3σ methylation
status.
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as predicting factors of response to chemotherapeutic agents, e.g., FANCF, that
confers sensitivity in ovarian cancer cell lines [40] and CHFR, that improves
response to microtubule inhibitors [34]. However, none of the various cell cycle
checkpoints markers has been tested in clinical studies. The deregulation of 14-
3-3σ expression by methylation has been observed in a wide variety of human
cancers [26,27,29–33]. Lack of 14-3-3σ in colorectal cancer cells was shown to
sensitize them to chemotherapy-induced apoptosis [24] and 14-3-3σ expression
was upregulated in chemoresistant pancreatic adenocarcinoma cells [48]. Besides
its G2/M checkpoint function, 14-3-3σ has an antiapoptotic role. 14-3-3σ
sequesters phosphorylated BAD (proapoptotic protein) in the cytosol, prevent-
ing the union between phosphorylated BAD and BCL2 (antiapoptotic protein).
Then, the complex 14-3-3σ/BAD is sequestered from the mitochondrial localized
BCL-xL, inhibiting BAD-induced apoptosis. In addition, data suggest that
BRCA1, which is a differential regulator of chemotherapy-induced apoptosis,
seems to induce 14-3-3σ expression after DNA damage in mouse embryonic stem
cells. BRCA1 seems to act synergistically with p53 to active 14-3-3σ expression
[49]. Decreased BRCA1 mRNA expression in human breast cancer cell line led
to greater sensitivity to cisplatin, but a greater resistance to the microtubule-
interfering agents paclitaxel and vincristine [50]. We have observed that locally
advanced NSCLC patients with the lowest BRCA1 mRNA expression obtain the
maximum benefit from neoadjuvant gemcitabine plus cisplatin chemotherapy,
whereas those with the highest levels had the poorest survival [51].

Since double DNA in the form of chromatin fragments is released in the
blood serum of cancer patients [11] and DNA methylation of the serum is a bio-
marker [18,52], we have investigated 14-3-3σ methylation in the serum DNA of
advance NSCLC patients treated with first-line cisplatin plus gemcitabine.

We have shown that:
● 14-3-3σ is methylated in the sera of the one third of NSCLC patients and is

related to significantly better median survival for these patients overall.
● 14-3-3σ had even greater influence on survival in responder groups.
● The risk of death for the 14-3-3σ methylation-negative responders was almost

five times that of the methylation-positive responders.
● This study sheds light on the influence of methylated 14-3-3σ in serum, which

can identify a subgroup of patients with a significantly better survival and
help to explain the striking differences in survival among NSCLC patients [8].

Translational research studies in advance NSCLC are limited by the scarcity of
availably tumor biopsy tissue. The 14-3-3σ serum assay circumvents the need for
the tumor tissue and offers a novel and accurate method to select patients for
cisplatin-based chemotherapy.
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PHARMACOGENOMICS AND COLORECTAL CANCER
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Abstract: The current methods of treating cancer patients with chemotherapeutics do not
account for interpatient variability in the expression of particular target genes. This
variability leads to unpredictable tumor responses and host toxicity. The approach
we have taken is to determine gene expression levels in the metabolic pathways of
drugs used in the treatment of gastrointestinal tumors. One of the main obstacles in
the evaluation and determination of these markers has been the limitations of
available technology. Many advances have been made in the development of more
sophisticated techniques and the ability to perform these techniques on paraffin-
embedded tumor tissue. In fact, with the identification of genetic polymorphisms,
these markers may be obtained from peripheral blood specimens, thus making access
to tissues a moot issue. An immediate goal is the application of this nascent
technology and incorporation of these data in prospective clinical trials that would
stratify patients according to their molecular profile. The ability to predict with a
high degree of accuracy which patients are likely to respond to treatment and
identify those who are not likely to respond will significantly influence the design of
new treatment regimens with fluoropyrimidines and platinum. Tumors with high TS,
TP, and DPD expression levels should be treated with such non-TS-directed
anticancer drugs as irinotecan or oxaliplatin, or in combination with 5-FU. Patients
with high expression of ERCC1 should be treated with nonplatinum-based regimens,
whereas patients with low levels would be good candidates for cisplatin or
oxaliplatin. We now understand that molecular determinants play an important role
in response to 5-FU. With the development of new effective anticancer drugs such as
irinotecan and oxaliplatin, it is important to gain a better understanding about the
metabolism of these new active agents and mechanisms of resistance. It is essential
to understand why some patients develop life-threatening toxicity and why
some tumors are resistant to irinotecan or oxaliplatin. With the integration of
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novel-targeted therapies such as Erbitux and Avastin, molecular characterization
and profiling will become more important for patient selection. Preliminary data
suggest that germ line polymorphisms of cyclin D and gene expression levels of
VEGF are associated with efficacy of Erbitux therapy.

1. INTRODUCTION

Colorectal cancer remains one of the most common causes of death from can-
cer [1]. The success of chemotherapeutic strategies depends on various factors.
These factors include gender, age, overall performance status, and histological
subtype of the tumor [2–4]. A few promising polymorphisms that may predict
chemotherapy success and toxicity in colorectal cancer have been identified. All
of these potential predictive polymorphisms have been evaluated retrospec-
tively in relatively small patient numbers. The differences in drug effects, how-
ever, between different genotypes can be dramatic (e.g., DPD and UGT1A1).
Therefore, it should become a standard procedure in clinical studies to include
analyses of known functional genetic polymorphisms that might impact the
efficacy and toxicity of the drugs used. Haplotype analyses are critical in allow-
ing us to identify marker patterns for certain treatment combinations. Large-
scale evaluation and confirmation studies will generate data from a reliable
number of patients to identify polymorphisms that could be included in
prospective, randomized trials to develop individualized treatment for colorec-
tal cancer patients.

Pharmacogenomic studies have demonstrated their effectiveness in develop-
ing such strategies. Genetically determined variability of function of certain
key enzymes has been shown to influence toxicity, response, and survival to
chemotherapy. These enzymes may be involved in metabolism, influx, and
efflux of anticancer drugs and procedures influencing cell viability such as
DNA-repair mechanisms. The identification of individual genetic characteris-
tics in pharmacogenomic analyses is gaining more importance as a growing
number of therapeutic substances and strategies are being developed at a rapid
pace, making alternative treatment options available. Although we are contin-
uously generating new data that elucidates relationships between the outcome
of current therapeutic strategies in colorectal cancer and interindividual
genetic markers, clinical efficacy, and toxicity of a given chemotherapy in most
cases is still unpredictable for the individual patient. We are only beginning to
use the knowledge of the genome and newest high-throughput technology to
acquire more information to develop individualized therapies. The crucial step
will be the rapid transfer of new data from research laboratory into clinic.
Prospective clinical trials are needed to confirm preliminary results in pharma-
cogenomics in the chemotherapy of colorectal cancer. This review focuses on
the implications of known genetic polymorphisms effecting success and side
effects of current chemotherapy in the treatment of colorectal cancer (Table
18.1 and 18.2).



2. PHARMACOGENETIC ASPECTS OF SURVIVAL, RESPONSE,
AND TOXICITY TO FLUOROPYRIMIDINES

2.1. Thymidylate synthase

Thymidylate synthase (TS) catalyzes the intracellular conversion of deoxyuridy-
late to deoxythymidylate — the sole de novo source of thymidylate in the cell [5].
The active metabolite of 5-FU, 5-fluorodeoxyuridylate (5-FdUMP), binds to TS
and inhibits it by forming a stable ternary complex [6]. Several studies focused
on the predictive value of an earlier identified genomic polymorphism in the TS
gene for clinical outcome to 5-FU-based chemotherapy. Horie et al. [7]
described a 28 bp sequence of the 5′-region of the TS gene to be polymorphic
with either two repeats (2R) or three (3R) repeats. Caucasians and African
Americans almost exclusively possess double repeats (2R) or triple repeats (3R)
for this polymorphism. Multiple repeats (4R, 5R, and 9R) have also been
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Table 18.1. Germline polymorphisms and clinical significance

Protein Polymorphisms Function therapy Clinical significance

Thymidylate synthase 28 bp tandem ↑ TS activity 5-FU ↓ Response, ↓
toxicity (TS) repeat (5-UTR)

Dihydropyrimidine Exon 14 skipping ↓↓↓ DPD activity 5-FU ↑↑↑ Toxicity
hydrogenase (DPD) mutation

Thiopurinmethyl- G238C transversion, ↑ TPMT ↑ Toxicity, ↑ response
transferase (TPMT) G460A and A719G catabolism ↑ Second primary tumors

transition
5,10-Methylente- C677T transition Folate imbalance MTX, CMF ↑↑ toxicity

trahydrofolatreduktase Raltitrexed
(MTHFR)

Glutathion S-transferase A313G substitution ↓ GSTP1 activity Oxaliplatin ↑ survival
P1 (GSTP1)

Xeroderma pigmentosum C751A substitution ↓ DNA-repair Oxaliplatin ↑survival,
↑ response

Gruppe D (XPD) Protein
Glutathion S-transferase Deletionspoly Decreased activity Alkylating ↑ response,

T1 and M1 (GSTT1 morphisms ↑ toxicity agents
and GSTM1)

Table 18.2. Gene expression and clinical significance

Gene Factor Clinical implications

5-Fluorouracil chemotherapy
TS mRNA expression Prediction of response and overall survival in first-line and second

therapy
DPD mRNA expression Prediction of response and overall survival in disseminated CRC
TP mRNA expression Prediction of response and overall survival in disseminated CRC

Oxaliplatin chemotherapy
ERCC1 mRNA expression Prediction of overall survival in second-line therapy



reported within certain Asian and African populations [8–10], but their func-
tional significance has not yet been determined. The impact of the double
repeats and triple repeats of this 28 base sequence of the gene on TS function
has been intensively studied during the last few years. It was postulated that this
2R/3R polymorphism is implicated in modulating TS mRNA expression [11]
and TS mRNA translational efficiency [9]. At this point it is not exactly clear
whether the polymorphic site in the 5′-region alters mRNA expression, transla-
tional efficacy, or both.

First results by Horie et al. [7] from in vitro experiments revealed an associa-
tion between the 3R variant of the TS gene and increased TS mRNA levels
compared with individuals homozygous for the 2R allele. This finding was con-
firmed in human tissue samples by different investigators [12,13]. For example
Pullarkat et al. [13] found an almost fourfold increased TS mRNA level in
metastatic colorectal tumor tissue (9.42 [95% CI 5.51, 16.12]) for homozygous
carriers of the 3R TS variant, when compared with individuals homozygous for
the 2R variant (2.60 [95% CI 1.39, 4.87], p = 0.004). The heterozygotes demon-
strated intermediate TS mRNA levels (5.53 [95% CI 3.68, 8.31], p = 0.011).

The rational to incorporate these findings into clinical analyses and protocols
was provided by earlier studies by Leichman et al. [14] and others [15–17].
Leichman et al. were the first to demonstrate a significant inverse relationship
between intratumoral TS gene expression and response to 5-FU-based
chemotherapy. In a retrospective analysis of 42 colorectal tumor samples, pre-
treatment TS expression was determined using a RT-PCR-based protocol. The
median TS expression level among the 12 patients (29%) who responded to 
5-FU/LV was 1.7 × 10−3 (as TS/β-actin ratio). Nonresponding tumors showed a
median TS expression level of 5.6 × 10−3 (as TS/β-actin ratio). Patients with low
TS gene expression levels showed a superior median survival of 13.6 months,
compared with 8.2 months in patients whose tumors had an increased TS-level
(TS/β-actin ratio of 3.5 × 10−3 was determined as cutoff) (p = 0.02) [14]. Further
clinical evaluation identified low TS expression as predictive for superior
response to 5-FU/oxaliplatin [17], raltitrexed [15] or other fluoropyrimidine-
based chemotherapy [16,18] in the treatment of colorectal cancer.

Clinical analysis of the 2R/3R TS polymorphism among chemonaive patients
with advanced colorectal cancer who received 5-FU/LV chemotherapy showed
that this genetic variation of the TS 5′-region segregates responders and nonre-
sponders. Patients homozygous for the double repeats (2R) showed a signifi-
cantly better response rate to 5-FU compared with those with a homozygous 3R
TS genotype (50% vs. 9%, p = 0.04) [13]. Further retrospective analyses con-
firmed these results [19]. A study by Villafranca et al. demonstrated that this TS
polymorphism is also associated with tumor downstaging in rectal cancers.
T-downstaging (TPretreatment vs. TPosttreatment) was correlated with the TS variants
among 65 rectal cancer patients who received preoperative 5-FU-based
chemoradiation [20]. Patients with a homozygous 3R/3R genotype showed a
lower probability of downstaging compared with the 2R/3R + 2R/2R group
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(22% vs. 60%, p = 0.036) [20]. This information may be crucial for determina-
tion of the optimal treatment schedule in those patients. In addition, the TS
3R/3R genotype was more often associated with local recurrence of locally
advanced rectal cancers [21]. In addition to its predictive value to fluoropyrimi-
dine chemotherapy the 2R/3R 5′-TS polymorphism results from a retrospective
analysis showed a possible association with toxicity of this treatment. Patients
harboring the 3R/3R TS genotype showed less toxicity compared with patients
possessing a 2R variant [13]. The authors stated that the high TS level (3R/3R)
leads to less efficient TS inhibition and subsequently decreased cell death rates
also in the normal tissue, resulting in less toxicity.

A prospective study by Etienne et al. [22] among 103 colorectal cancer patients
who received 5-FU-based chemotherapy identified the 2R/2R TS genotype as
most favorable for survival (median survival was 19 months for 2R/2R, 10
months for 2R/3R, and 14 months for 3R/3R, p = 0.025). Interestingly, the group
with TS 2R/3R genotype demonstrated the shortest survival. Iacopetta et al. [23]
demonstrated in an analysis of 221 Dukes’ C colorectal cancer patients who
received 5-FU that patients possessing two 3R alleles derive no survival benefit
from chemotherapy in contrast to patients who harbor at least one 2R allele (RR
= 0.52, 95% CI 0.33–0.82, p = 0.005). However, detailed analysis showed that a
sizeable fraction of patients with a 3R/3R genotype gained some short-term ben-
efit form 5-FU chemotherapy [23]. Conversely, a recent study among 135
Japanese patients with colorectal cancer, who received 5-FU-based oral adjuvant
chemotherapy, failed to confirm a prognostic value of this 5′TS polymorphism
[24]. Furthermore, up to 25% of patients homozygous for the 3R/3R TS geno-
type showed low TS mRNA expression in a different study [13]. These observa-
tions raise the question whether other modulators impact TS expression and
hereby clinical outcome to 5-FU-based chemotherapy. Identification of further
modifiers of TS expression may shed additional light into the potential role of
TS polymorphisms as a prognosticator in the adjuvant setting. A recent analysis
by Mandola et al. [25] furthered our understanding of the regulation of TS func-
tion. The authors identified a new G→C SNP within the 28 bp repeat polymor-
phism, that solely appears within the 3R variant of the TS gene and disrupts
a binding site for the transcriptions factor USF (Figure 18.1).

Further analysis revealed that TS mRNA of a 3RC variant is significantly
decreased when compared with a 3RG variant and is similar to 2R TS variant
(Figure 18.1). Two groups of TS expression have been postulated based on these
results: high TS expression (3RG/3RG, 3RG/3RC, and 2R/3RG) and low TS
expression (3RC/3RC, 2R/3RC, and 2R/2R). The frequency of these polymor-
phisms is significantly different between various ethnic groups (Figure 18.2).
These results may at least in part explain why some patients with 3R/3R TS
genotype show low TS expression and good response to 5-FU chemotherapy.
Although data linking these TS polymorphisms to differences in TS mRNA
expression appear convincing, the possible impact of these genetic variations on
additional mechanism has to be considered. In contrast to aforementioned
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results Kawakami et al. [9,26,27] demonstrated that the 2R/3R polymorphism as
well as the new SNP within the 3R repeat maybe related to modifications of
translational efficacy of TS.

Furthermore it is important to realize that reported studies analyzing associ-
ations between clinical outcome to 5-FU and TS polymorphisms are utilizing
DNA from different cell types (tumor tissue versus white blood cells). The TS
locus at the short arm of chromosome 18 has been reported to be altered in
some tumors including colorectal cancer [28]. Due to loss of heterozygosity
(LOH) at this locus individuals that are heterozygous 2R/3R in “normal tissue”
(e.g., white blood cells) may acquire the 2R/loss or the 3R/loss genotype in the
tumor. Recent analyses by Uchida et al. [29] comparing normal and tumor tis-
sue revealed that the response rates of 2R/loss carriers to fluoropyrimidines is
significant superior (8/10) when compared with individuals whose tumor har-
bors a 3R/loss genotype (1/7, p = 0.029). It has been concluded that analyses of
LOH should be considered when studying the TS polymorphism [29,30].
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Figure 18.1. Scheme of repeat polymorphism in the 5-UTR region of TS and binding site 
of USF.
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At the moment, less information is available regarding a recently identified
6bp deletion polymorphism in the 3′-region of the TS gene (1494–99del). This
polymorphism might alter mRNA stability, secondary structure, or expression
as it has been demonstrated for alterations of the 3′-region in other genes [31].
Recent data by Mandola et al. demonstrated a significant association between
the 6 bp deletion and low TS mRNA expression in colorectal tumor tissue.
Patients harboring a +6bp/+6bp genotype demonstrated a more than fourfold
expression of mRNA (11.4 [95% CI 6.4, 20.0]) when compared with a homozy-
gous deletion genotype (2.7 [95% CI 1.2, 6.3], p = 0.007) [32]. The heterozygous
genotype showed an intermediate expression level [32]. However, most recent
data by McLeod et al. [33] showed, that the 6bp deletion in the 3′UTR of TS
may be associated with less favorable outcome to 5-FU-based combination ther-
apy in colorectal tumors. This is in contrast to the gene expression data by
Mandola et al. [32], since most studies demonstrated an association between low
TS levels and favorable clinical response [14–18]. Further analyses are needed
identifying the regulators and/or mechanisms by which this deletion/insertion
polymorphism alters TS expression. This may help to interpret these prelimi-
nary conflicting data.

Summarizing the recent knowledge regarding TS polymorphisms its associa-
tion with clinical response to 5-FU-based chemotherapy, it appears that genetic
variations of the TS gene may alter its expression in different ways (e.g., tran-
scription and translation). In order to better understand the linkage and the
importance of associations between TS polymorphisms, gene expression, pro-
tein expression, and LOH a comprehensive study is warranted analyzing these
interactions. This may provide us with a more defined conclusion of which of
these TS characteristics are finally important as predictive markers and which
source tissue to use for their determination.

2.2. Dihydropyrimidine dehydrogenase and orotate phosphoribosyl transferase

Dihydropyrimidine dehydrogenase (DPD) represents the key enzyme of 5-FU
metabolism. This rate-limiting enzyme of 5-FU catabolism inactivates >80% of
the drug in the liver [34]. Retrospective analyses of gene expression revealed that
low DPD levels might be important for superior response to fluoropyrimidine
treatment [35]. It has been suggested that low levels of DPD may increase
bioavailability of the drug, thereby improving response. Seventeen different
mutations within the DPD gene have been identified as being associated with
decreased activity of the enzyme [36]. Consequently, impaired 5-FU catabolism
leads to accumulation of active 5-FU metabolites. This genetically determined
decrease of DPD activity can be the cause of increased hematopoietic and gas-
trointestinal toxicity [37–39]. An allele frequency of 0.91% for a G→A substitu-
tion in the invariant GT splice donor site flanking exon 14 (IVS14 + 1G > A) was
reported for Caucasians [39], and appears to be the most common known DPD
variant [40]. This G→A mutation causes a lack of the exon in corresponding
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mRNA, thereby dramatically diminishing DPD activity [41]. Patients harboring
one or two of these nonfunctional DPD-alleles have been shown to experience
severe and even lethal toxicities to 5-FU-based regimens. The drastic conse-
quences of the polymorphism for those patients require the necessity of its
screening prior to 5-FU therapy.

Recently, Isshi et al. [42] demonstrated that high levels of orotate phos-
phorybosyl transferase (OPRT) may be associated with increased sensitivity to
5-FU-based chemotherapy. OPRT catalyzes the reduction of FUDP to the
actively TS-inhibiting metabolite FdUMP. A recent study by Ichikawa et al.
[43] indicated that a newly identified SNP of OPRT exon 3 may be critical in
predicting toxicity to 5-FU-based chemotherapy. A 213G> substitution
increases OPRT activity. In a small cohort of 52 colorectal cancer patients that
received 5-FU chemotherapy those who possessed one or two OPRT A alleles
experienced a higher frequency of adverse events, including diarrhea and leu-
copenia (p < 0.0001). If confirmed in a larger cohort this polymorphism of the
OPRT may as well be a considerable candidate for prediction of toxicity to
fluoropyrimidines.

3. PHARMACOGENETIC ASPECTS OF SURVIVAL, RESPONSE,
AND TOXICITY TO IRINOTECAN

Irinotecan (CPT-11), a camptothecin derivate, acts as a topoisomerase I poison
and has become a standard player in the chemotherapy of colorectal cancer,
usually in combination with fluoropyrimidines or platinum compounds.
Distinct differences of tolerability and response rates of CPT-11 have been
reported. Genetically defined variations of drug metabolism may explain, in
part, interindividual differences of drug effects. The metabolic pathways of
CPT-11 are highly complex, involving numerous enzymes for activation, trans-
port, and deactivation. Several potentially important genetic polymorphisms
have been identified within these pathways.

The prodrug irinotecan has to be transformed into its active player SN-38.
Tissue carboxylesterase (CE)-mediated hydrolysis appears to be essential for this
activation step. Humerickhouse et al. identified the human carboxylesterase-2
(hCE-2), localized in the liver as an enzyme with high affinity to CPT-11 indi-
cating its central role in CPT-11 activation [44]. Intestinal CE was demonstrated
to be required for CPT-11 activation within the gastrointestinal tract [45].
Recently, Charasson et al. [46] showed the existence of nine allelic variation of
hCE-2 constituting nine different haplotypes in addition to hCE-2 wild-type
sequence. None of the variants alters hCE-2 protein structure, but one of these
polymorphisms is located within the promoter of the gene, and is therefore
potentially important as a modulator of hCE-2 gene expression. The impact of
these variants on hCE-2 function and/or expression is currently under investi-
gation. The polymorphisms of hCE-2 enzymes may become critical for gas-
trointestinal toxicity of irinotecan, representing the main limiting factor of its
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use. A large study revealed high-grade gastrointestinal toxicity (grade 3 and
grade 4) after CPT-11 in 31% of patients who received CPT-11 alone and in 23%
of patients who received CPT-11/5-FU chemotherapy [47].

CYP3A4 and CYP3A5 generate the oxidized CPT-11 metabolites APC 
(7-ethyl-10[4-N-(5-amino-pentanoicacid0-1-piperidino]) carbonyloxycamp-
tothecin) that is inactive and NPC (7-ethyl-10(4amino-1piperidino) carbony-
loxycamptothecin), which can be hydrolyzed to the active SN-38 [48–50].
Several polymorphisms have been identified in the CYP3A4 and CYP3A5 [51]
genes. Analyses in human liver tissues indicated that CYP3A4 was primarily
responsible for APC formation, but an analyzed 392A>G polymorphism
(CYP3A4*1B) did not show any genotype-dependent differences of APC for-
mation. Although the oxidization of CPT-11 by CYP enzymes represents only
a minor metabolic path of fate of the drug, studies analyzing possible associa-
tion between variants of these enzymes are important, because functional poly-
morphisms may cause imbalances between the different activation/inactivation
pathways. These imbalances may contribute in a significant way to irinotecan
loss or accumulation.

Most pharmacogenomic analyses of CPT-11 metabolism have been done on
human UDP-glucuronyltransferase (UGT). Hepatic uridine diphosphate gluco-
syl transferase (UGT) 1A1 enzyme is the key deactivator of SN-38. UGT1A1
inactivates SN-38 by glucuronidation [52]. UGT activity appears to be signifi-
cantly altered by genetic polymorphisms. Reduction of UGT1A1 activity
in vitro and in vivo has been shown to be associated with a promoter polymor-
phism of UGT1A1, consisting of a two base pair insertion (TA)7TAA
(UGT1A1*28) [53–60]. A case–control study revealed that patients possessing at
least one UGT1A1*28 allele are seven times more likely to experience severe tox-
icity after CPT-11 administration if compared with individuals homozygous for
the UGT1A1 wild type (OR 7.2, 95% CI 2.5, 22.3, p < 0.001) [61]. The same
group studied a newly identified genetic variant (3263T > G) in the phenobar-
bital-responsive enhancer module of the UGT1A1 promoter, that had been
shown to be associated with decreased transcriptional activity of UGT1A1, in
119 CPT-11-treated patients. The homozygous group for the 3263T > G poly-
morphism showed an association with severe toxicity, but this effect disappeared
after including UGT1A1*28 genotypes in the analysis. However, patients harbor-
ing both unfavorable UGT genotypes (UGT1A1*28 and homozygous 3263T >
G) were 6.2 times as likely to encounter severe toxicity if compared with the wild
type (OR = 6.2, 95% CI 2.2–17.9) [62].

Besides hepatic UGT1A1, it has been shown that the additional hepatic
enzyme UGT1A9 and the extra-hepatic form UGT1A7 are deeply involved in
the glucuronidation-mediated detoxification of SN-38 [63]. First results of a
functional variant of UGT1A9 have been presented. A G > A variation at posi-
tion 766 in exon 1 of the UGT1A9 gene leads to the amino acid substitution
D256N. In vitro studies demonstrated a dramatically decreased SN-38 glu-
curonidation efficacy of the D256N variant of less than 5% if compared with
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the wild-type UGT1A9 [64]. This highly functional polymorphism should be
incorporated into analyses evaluating associations between UGT genotypes and
toxicity and/or response to CPT-11.

Most recently Mathijssen et al. reported that a polymorphism in the MRD1
P-glycoprotein (ABCB1) gene might be associated with differences of exposure
to irinotecan and its active metabolite SN-38. Among 65 patients, who received
CPT-11 infusion, those homozygous for the T allele of ABCB1 1236C > T were
at an increased exposure for irinotecan and SN-38 [65]. The variant is located at
codon 411 of the P-glycoprotein. These data suggest a possible functionality of
this polymorphism, although the exact mechanism has yet to be defined. If con-
firmed in a larger study this ABCB1 polymorphism might be of assistance in
dose optimization of irinotecan chemotherapy.

3.1. Frequency of UGT1A1 polymorphism in Hispanics

We assayed the UGT1A1 genotype in 67 Hispanic patients diagnosed with
colon polyps. An approximate 100 bp region of the UGT1A1 gene containing
the polymorphic site was PCR amplified using a P-33 end-labeled forward
primer and an unlabeled reverse primer. PCR products were separated on
sequencing gels and autoradiographed, and products were sized by comparison
to a known 6/7 heterozygote. Among these 67 Hispanic subjects, the frequency
of the Gilbert’s allele (35%) was similar to the frequencies observed in Scottish
and Dutch populations (36% and 40%, respectively). However, in addition to the
(TA) 6 and (TA) 7 alleles, we observed shorter alleles in 5 (7%) of subjects. These
short alleles were of two sizes: (1) 2 bp shorter than the (TA) 6 allele (3 subjects);
and (2) 1 bp shorter (2 subjects). Direct sequencing of the forward and reverse
strands of these PCR products was carried out to determine the nature of these
newly identified alleles. Although heterozygosity made the sequence difficult to
read, three subjects clearly carried (TA) 5 alleles. The sequence of the 2 other
short alleles could not be confidently determined. We plan to clone these newly
identified alleles to obtain a source of pure DNA for sequencing and for func-
tional studies. Unpublished data presented at ASCO 2003 by Dr. McLeod indi-
cate that UGT1A1 may predict efficacy of CPT-11-based chemotherapy. We
propose to identify and correlate the various UGT1A1 polymorphisms with
irinotecan efficacy and toxicity.

In summary, we state that most valid analyses of irinotecan toxicity and effi-
cacy involve UGT genotypes. Results from recent studies suggest that UGT1A1
and UGT1A9 genotype analyses should be part of all studies evaluating phar-
macogenetic aspects of CPT-11. The dramatic toxicity UGT1A1*28 carriers
experience after CPT-11 administration warrants determination of UGT1A1
genotypes prior to chemotherapy. This is especially true for combination treat-
ments with fluoropyrimidines, since additional unfavorable genotypes of the 
5-FU pathway (e.g., DPD IVS14 + 1G > A) may increase the toxic side effects
to even life-threatening events.
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In June 2005, the FDA recommended the screening for UGT1A1 polymor-
phism and suggested dose modification for CPT-11 in the presence of 7/7
genotype for UTG 1A1.

4. PHARMACOGENETIC ASPECTS OF SURVIVAL, RESPONSE,
AND TOXICITY TO OXALIPLATIN

The platinum compound oxaliplatin has been proven to be effective in
chemotherapy regimens of colorectal cancers. Large clinical trials including sev-
eral hundreds of colorectal cancer patients with disseminated disease demon-
strated the superiority of 5-FU/LV/oxaliplatin vs. 5-FU/LV in terms of response
(51% vs. 22%, p = 0.0001) and progression-free survival (median, 9.0 vs. 6.2
months, p = 0.0003) [66] and identified 5-FU/LV/Oxaliplatin vs. 5-FU/LV/CPT-
11 as the more favorable chemotherapy regimen in response rate (p = 0.02) and
time to progression (p = 0.004) [67].

DNA adducts caused by the bulky 1,2-diamino-cyclohexane ring containing
oxaliplatin are considered to mediate increased cytotoxicity and more effectively
block DNA replication if compared with adducts formed by other platinum
agents [68]. The excision repair cross-complementing (ERCC) gene family plays
a central role in removing platinum-mediated DNA adducts. An inverse rela-
tionship between impaired DNA-repair capacity (e.g., low ERCC activity) and
increased response rates has been demonstrated for platinum drugs. Analysis of
gene expression in colorectal cancer patients treated with second line 5-FU/
oxaliplatin revealed that patients whose tumor showed low levels of ERCC1
gene amplification had superior overall survival. The relative risk (RRs) of
dying was 4.2-fold (95% CI 1.4, 13.3, p = 0.008) in the ERCC1 high expresser
group [17].

Functional polymorphisms have been reported in different nucleotide exci-
sion repair (NER) genes (Table 18.4 and Table 18.5). Preliminary data suggested
that [69] an A > C variation at codon 751 of the ERCC2 gene may be associated
with clinical outcome to 5-FU/oxaliplatin chemotherapy. The amino acid
exchange from lysine (Lys) to glutamine (Gln) by this base substitution was
associated with a less favorable response rate and survival time. Lys/Lys geno-
types showed 24% response compared with 10% in the Lys/Gln and 10% in the
Gln/Gln group (p = 0.015). The median survival for those with the Lys/Lys
genotype was 17 (95% C.I. 7.9, 27) vs. 13 (95% C.I. 8.5, 26) and 3.3 (95% C.I.
1.4, 6.5) months for patients with the Lys/Gln and Gln/Gln, respectively (p =
0.002) [69]. These results were confirmed in a larger cohort of patients using
multivariate analysis [70]. However, recent data by McLeod et al. could not con-
firm an association between the ERCC2 K751Q polymorphism and clinical out-
come to 5-FU/oxaliplatin treatment [71]. Further clinical studies are needed to
determine the true association between this ERCC2 polymorphism and oxali-
platin metabolism. Additionally, biochemical evaluation of ERCC2 and
oxaliplatin interactions are critical to assess the potential of this gene as a
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marker for clinical prediction to chemotherapy, since most experiments explor-
ing the mechanism of interaction are done using cisplatin.

Less repair of oxaliplatin damage by proteins of the NER may result in supe-
rior response rates and survival. But the efficacy of oxaliplatin maybe impacted
by additional mechanisms. Glutathione-S transferases (GST’s) catalyze the con-
jugation of toxic and carcinogenic electrophilic molecules with glutathione.
Through this reaction the GST’s (Alpha, Pi, Mu, Theta, Zeta) protect cellular
macromolecules from damage [72]. The GSTP1 enzyme appears to be predomi-
nantly expressed in colorectal tissue and tumors [73]. Drug resistant tumors con-
tain very high levels of GSTP1 [74]. Goto et al. [75] showed a direct participation
of GSTP1 in detoxification of cisplatin (CDDP) by formation of cisplatin-glu-
tathione adducts (DDP-GSH). Furthermore, transfection analysis with GSTP1
antisense complementary DNA in colon cancer cell lines revealed GSTP1 to be
responsible for both intrinsic and acquired resistance to platinum [76]. It has been
demonstrated that a 313A>G variation of the gene leads to an amino acid
exchange (isoleucine → valine) affecting its substrate-binding domain. Activity
measurements in human tissues revealed that the GSTP1 105Val form correlates
with impaired GSTP1 activity [77]. Based on these biochemical results an analy-
sis was undertaken that evaluated a possible association between the GSTP1
polymorphism and clinical outcome to oxaliplatin chemotherapy. Patient pos-
sessing less active GSTP1 molecules were expected to accumulate the adminis-
trated drug and subsequently to show an increased response. (Table 18.1).

Among 107 colorectal cancer patients, who were treated with 5-FU/oxali-
platin combination as second line chemotherapy those whose tumor possessed
two Val alleles benefited most from the therapy. Patients harboring two Val alle-
les experienced the most favorable survival (median, 25 months, 95% CI 9.4, 25+
months) while the Ile/Ile genotype was associated with the least favorable sur-
vival (median, 7.9 months, 95% CI 5.4, 9.6 months). Intermediate survival out-
come was noted for the Ile /Val carriers (median, 13 months, 95% CI 8.4, 24
months; p<0.001) [78]. The results of this retrospective study have recently been
contrasted by McLeod et al. [71] who could not confirm an association between
this GSTP1 polymorphism and oxaliplatin-based chemotherapy. One possible
explanation might be the fact that McLeod et al. were able to analyze samples
from first line chemotherapy patients. The effect of pretreatment might have
impacted the data of the smaller study. But again, we first need to identify the
true biochemical interaction between GSTP1 and oxaliplatin and second to
include this GSTP1 polymorphism in large clinical analyses in the future. This
appears to be important since the GSTP1 polymorphism represents alterations
of drug accumulation as an additional mechanism for genetically based inter-
patient variability of oxaliplatin effects.

4.1. Epidermal growth factor receptor: predictive and prognostic marker?

Epidermal growth factor receptor (EGFR) is a commonly expressed transmem-
brane glycoprotein of the tyrosine kinase growth factor family. EGFR are
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frequently overexpressed in many types of human cancers, including CRC
(colon and rectal cancers) and their overexpression typically confers a more
aggressive clinical behavior. The level of EGFR expression is primarily regu-
lated by the abundance of its mRNA and the nature of the EGFR overexpres-
sion is believed to be due to an increase in the rate of EGFR transcription. A
recent study showed that EGFR gene transcription activity declines with
increasing numbers of a highly polymorphic dinucleotide repeat (CA repeat) in
Intron 1 [79]. We hypothesized that patients with short CA repeat (16/16) may
show poor clinical outcome compared with the patients with long CA repeat
(16/20). We assessed the EGFR polymorphic dinucleotide repeat (CA repeat) of
100 patients with metastatic colorectal cancer who previously had failed 5-FU-
based chemotherapy and determined their response and overall survival to 
5-FU/oxaliplatin combination treatment.

An association between EGFR signaling pathway and response of cancer
cells to ionizing radiation has been reported. Recently, a polymorphic variant in
the EGFR gene that leads to an arginine-to-lysine substitution in the extracellu-
lar domain at codon 497 within subdomain IV of EGFR has been identified.
The variant EGFR (HER-1 497K) may lead to attenuation in ligand binding,
growth stimulation, tyrosine kinase activation, and induction of protoonco-
genes MYC, FOS, and JUN. A (CA) n repeat polymorphism in intron 1 of the
EGFR gene that alters EGFR expression in vitro and in vivo has also been
described. In the current pilot study, we assessed both polymorphisms in 59
patients with locally advanced rectal cancer treated with adjuvant or neoadju-
vant chemoradiation therapy, using PCR-RFLP and a 5′-end 33P-γATP-labeled
PCR protocol. We tested whether either polymorphism alone or in combination
can be associated with local recurrence in the setting of chemoradiation treat-
ment. We found that patients with HER-1 497 Arg/Arg genotype or lower num-
ber of CA repeats (both alleles <20) tended to have a higher risk of local
recurrence (p = 0.24 and 0.31, respectively). Combined analysis showed the
highest risk for local recurrence was seen in patients who possessed both a HER-
1 497 Arg-allele and <20 CA repeats (p = 0.05, log rank test). Our data suggest
that the HER-1 R497K and EGFR intron 1 (CA)n repeat polymorphisms may
be potential indicators of radiosensitivity in patients with rectal cancer treated
with chemoradiation (Figure 18.3) [80].

4.2. Interleukin 8: a predictor of clinical outcome

Interleukin 8 (IL-8), a member of the CXC chemokine family has been shown
to be involved in tumor cell growth and metastasis in colorectal cancer [81]. Its
receptor CXCR1 and CXCR2 play an important role in tumor progression and
angiogenesis [82]. Studies show that expression of IL-8 and its receptors
CXCR1 and CXCR2 contribute to tumor progression and development of
metastases in vitro and in vivo. Polymorphisms in the promoter regions of IL-8
gene (T-251A) and a novel polymorphism in exon 2 of CXCR1 gene (Ser +
2607Thr) may influence the expression of IL-8 and its receptor and therefore
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may influence the clinical outcome of patients with metastatic colorectal cancer
[83–85]. We tested the hypothesis that patients with genomic polymorphisms
associated with higher expression or activity of IL would have a poorer prog-
nosis. We analyzed these polymorphisms in a retrospective 5-FU/oxaliplatin
chemotherapy study to correlate the association of aforementioned genetic
polymorphism and the survival of patients with advanced colorectal cancer. IL-
8 (T-251A) and CXCR1 (Ser+2607Thr) gene polymorphism in 106 patients with
metastatic colorectal cancer who received 5-FU/oxaliplatin combination
chemotherapy were examined using PCR-RFLP method and the association
between polymorphism and overall survival was evaluated using RRs of dying
and the log rank test. Patients with Ser/Thr genotype for the CXCR1 polymor-
phism had an RR = 1.65 (95% C.I = 0.87–3.13) compared with patients with
Ser/Ser genotype. After stratification by performance status and histology and
prior treatment, the RR was 2.50 (95% CI = 1.17–5.35) (p = 0.025). The median
follow-up period was 11.9 months (95% C.I 3.2–30.9) and median survival was
9.3 months (95% C.I 3.5–12.8). Patients with Ser/Thr genotype survived a
median of 5.9 months compared with those with Ser/Ser genotype, who sur-
vived a median of 11.4 months (p < 0.05). The IL-8 polymorphism was not asso-
ciated with survival. Our present data suggest an association between CXCR1
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exon2 (Ser + 2607Thr) polymorphism, which is associated with a higher/lower
IL-8 activity/expression, and survival of patients with advanced colorectal can-
cer receiving 5-FU/oxaliplatin chemotherapy. This finding and its mechanism
need to be confirmed in future prospective studies [86].

5. FUTURE DEVELOPMENTS

We have evidence of germ line polymorphisms as well as gene expression levels
of enzymes involved in DNA repair, oxidative stress and metabolic pathway of
5-FU that appear to be of clinical significance however these data are from
small retrospective studies. It is critical to include these functional analyses into
large, prospective clinical studies. Most research laboratories are capable of
PCR-based RFLP techniques, while extraction and storage of human DNA
samples are routine in these laboratories. All samples from each clinical trial
should be sent to one laboratory to ensure a high quality analysis. To include
gene expression analysis into the routine of clinical trials might be more difficult
since the techniques for extraction (e.g., RNA extraction from paraffin) are
more complex and the technology is not broadly accessible. When gene expres-
sion analyses are part of clinical trials, specialized laboratories that have long
experiences with quantitative mRNA measurements should be contacted in the
beginning and analysis centralized. Meanwhile data from cDNA microarray
analyses will supply information on other potential pathways that might have to
be considered if patients are treated with fluoropyrimidines, irinotecan, and
oxaliplatin. In addition, genes involved in metabolism, accumulation and action
of newly developed drugs like antibodies against EGFR or VEGF have to be
screened for polymorphisms that impact the function of the gene products. One
example of a possible candidate in this new field is a CA repeat polymorphism
in intron 1 of the EGFR gene that affects EGFR transcription [79,87]. The con-
sequent analysis of pharmacogenetic markers in clinical settings is critical to
guarantee the application and incorporation of these promising data into clini-
cal care, allowing us to stratify patients according to their genetic makeup.
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CHAPTER 19

DEVELOPMENT OF PHARMACOGENOMIC
PREDICTORS FOR PREOPERATIVE CHEMOTHERAPY
OF BREAST CANCER

LAJOS PUSZTAI

Associate Professor of Medicine, Department of Breast Medical Oncology, The University of Texas
M.D. Anderson Cancer Center, Houston, TX, USA.

1. INTRODUCTION

“If it were not for the great variability among individuals, medicine might as
well be a science and not an art”. Sir William Osler: The Principles and Practice
of Medicine, 1892

The selection of a particular chemotherapy or a combination of drugs for the
treatment of breast cancer is currently more of an art than a science. There are
many chemotherapy drugs that cause tumor shrinkage in metastatic breast cancer
and several combination chemotherapy regimens have been shown to improve dis-
ease-free and overall survival when used as adjuvant therapy for early stage breast
cancer. However, no chemotherapy regimen is universally effective for all patients.
In the adjuvant (or neoadjuvant) treatment setting, choosing the best possible
chemotherapy regimen for an individual is challenging and the right choice may
make the difference between cure from breast cancer and relapse. Considering
only some of the most effective regimens, physicians and patients could choose
from sequential epirubicine/cyclophosphamide/5-fluorouracil and docetaxel,
dose-dense every 2-week doxorubicin/ cyclophosphamide (AC) and paclitaxel,
weekly paclitaxel followed by doxorubicin/cyclophosphamide/5-FU (FAC), or
triple combination therapy with docetaxel/doxorubicin/cyclophosphamide [1–4].
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Currently, it is impossible to predict at the time of diagnosis which of these
regimens will actually work for a particular individual [5].

Results from the traditionally designed clinical trials, which compare the
activity of two or more adjuvant regimens in order to establish which is the
“generally” most effective therapy offers little guidance for individualized treat-
ment selection. This approach ignores the fact that many patients are cured with
earlier generation adjuvant regimens and therefore are not well served by the
administration of longer, potentially more toxic, and vastly more expensive
second- and third-generation regimens. These studies also cannot reveal whether
some cancers are particularly sensitive to a particular drug (or combination
regimen) and therefore can only be cured by that treatment. The individually
most effective treatment may or may not be the same regimen that is generally
the most effective for the whole population. These theoretical concerns and the
burgeoning choice of adjuvant chemotherapy treatment options have fueled a
renewed interest in chemotherapy response prediction that may lead to more
personalized treatment recommendations.

2. BREAST CANCER PHARMACOGENOMIC DISCOVERY
PROGRAM AT THE NELLIE B. CONNALLY BREAST CENTER,
UNIVERSITY OF TEXAS M. D. ANDERSON CANCER CENTER

Gene expression profiling represents a novel analytical tool that was developed
in the early 1990s [6]. This technology enables investigators to measure, in a sin-
gle experiment, the expression of all (or almost all) genes that are expressed in a
small piece of cancer tissue. It is hypothesized that gene expression patterns
measured by this technology will yield multigene markers that could predict clin-
ical outcome more accurately than any single gene marker. Each new molecular
analytical technique offers a hope to improve on existing diagnostic tests and fill
a currently unmet medical need. However, finding the right diagnostic niche and
determining if the technology is mature enough for routine clinical use is a com-
plex and lengthy process. We prefer to think of genomic marker development as
a process that is fundamentally similar to the clinical drug discovery process
(Figure 19.1) [7]. During clinical drug development, Phase I studies establish the
feasibility of administering a drug to humans and aim to identify the maximum
tolerated dose. In Phase II studies, the anticancer activity of the drug is examined
and the last phase includes randomized studies to demonstrate that the new drug
provides clinical benefit, in a particular disease setting, over a standard treat-
ment. We initiated a similar three-stage pharmacogenomic marker discovery and
validation program to determine if regimen-specific multigene predictors of
response to preoperative chemotherapy for breast cancer can be developed.
During the Phase I of this program, we examined the feasibility of obtaining
comprehensive gene expression profiling from needle biopsy specimens. We also
studied the variables that can affect the results including the biopsy technique
and profiling platform. We examined the intra- and inter-laboratory repro-
ducibility of gene expression data and performed studies to estimate the poten-



tial accuracy of multigene predictors of response to a complex chemotherapy
regimen. During the second phase of the marker development program, our
goals were to determine the necessary sample size to develop reliable multigene
predictors, optimize the predictor for final validation and assess the robustness of
the predictor in the face of experimental noise. A predictor of response to
chemotherapy is the most useful if a portfolio of such tests exists. Each test could
then be applied to the same comprehensive gene expression data to determine
which regimen is the most effective for a particular tumor. To move towards this
goal, we initiated several parallel studies to develop predictors for multiple dif-
ferent preoperative chemotherapy regimens. The third and most critical stage of
the marker development process is to prove the clinical utility of the proposed
new tests. A new test is clinically useful if it improves patient outcome. This usu-
ally can only be established through randomized studies. In the context of pre-
diction of response to preoperative chemotherapy, an attractive two-arm clinical
trial design that could prove clinical utility is randomization to receive either
individualized chemotherapy based on test result or treatment with the currently
“generally most effective” regimen. The study end point could be comparison of
pathologic complete response (pCR) rates in the two arms. This design assumes
that pCR after preoperative chemotherapy is a valid surrogate of the more
important endpoint of prolonged overall survival [8,9].

3. PHASE I PHARMACOGENOMIC MARKER DISCOVERY STUDIES

3.1. Feasibility of gene expression profiling from needle biopsies of breast cancer

The principal assumption behind using preoperative chemotherapy as the clinical
trial setting to discover molecular predictors of response is that tumor response
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Pharmacogenomic predictive marker
discovery process

Clinical end-Point: Pathologic CR to preoperative chemo

Technology: DNA microarray

Trial design: Phase 1. Perform feasibility and assess potential accuracy

Phase 2. Define optimum sample size, develop optimal predictor

Phase 3. Validate independently, demonstrate clinical utility

Phase 4. Built portfolio of predictors to several regimens

Outcome:  A series of gene-signature-based, regimen-specific predictors
of pathological CR

Figure 19.1. Schematic overview of the clinical development of pharmacogenomic predictors of
response to therapy.



can be monitored in the primary site and pCR is a reliable early surrogate of
long-term survival. Thus, pCR can be used as an indicator of clinically impor-
tant benefit from chemotherapy. To what extent patients who achieve less than
pCR benefit from preoperative therapy with regards of improvement in survival
is unknown. In order to develop molecular markers in this clinical setting, one
needs to be able to analyze small amounts of tissue that are obtained with nee-
dle biopsy. There are two basic needle biopsy techniques that are commonly used
to acquire tissue for diagnosis. These include fine needle aspiration (FNA) and
core needle biopsy (CNB). Multiple investigators have shown that both FNA and
CNB yield sufficient RNA for gene expression profiling with DNA microarrays
[10–12]. On average, needle biopsies of breast cancer yield 1–3 µg of total RNA.
More recently reagents and profiling platforms have been developed to retrieve
and analyze RNA from formaldehyde-fixed paraffin-embedded tissue specimens
[13,14]. These technological advances provide clinical investigators with a reper-
toire of choice for tissue sampling that suits their trial design best.

It is important to realize, that different sampling methods yield tissues with
different cellular composition and distinct gene expression profiles [15]. On
average, 40–50% of all cells in CNB are stromal cells including adipocytes,
fibroblasts, blood vessels, and leukocytes (Figure 19.2). On the other hand, FNA
of breast cancer contain 80–90% neoplastic cells; the remaining cells are mostly
leukocytes. Red cell contamination is less of a problem for gene expression pro-
filing studies because mature erythrocytes have no nucleus and contain virtually
no RNA. However, excessive amounts of blood in a specimen can interfere with
the RNA extraction process. Not surprisingly, the gene expression profiles of
FNA and CNB obtained from the same tumor, at the same time and from the
same location are slightly but systematically different. This difference is due to
stromal gene expression that can be detected in CNB, but absent in FNA. This
is important because stromal genes may contain important prognostic or pre-
dictive information. It was recently reported that the gene expression profiles of
some breast cancers contain a gene signature that is similar to fibroblast in heal-
ing wounds. This “wound healing signature” that is most likely contributed by
stromal cells was predictive of poor prognosis [16]. On the other hand, stromal
genes may contribute little to other types of outcome predictions.

3.2. The impact of profiling platforms on gene expression data

There are multiple different gene expression profiling platforms that can be used
to study cancer tissue. It is important to determine to what extent results
observed on one platform hold up in another platform. This information is crit-
ical for the design of validation studies. It could be argued that if the technol-
ogy is robust, measuring the expression of the same gene with different
microarray platforms should not matter because similar measurements are
expected. However, different platforms measure the expression of the same gene
with different precision, on a different relative scale and with different dynamic
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range [17,18]. Gene expression values are expressed as normalized relative units
and different normalization procedures could result in different numerical val-
ues even from the same data. Furthermore, different microarray platforms
invariably contain distinct sets of genes that only partially overlap. This makes
cross platform testing of multigene predictors particularly challenging. Even
when the same genes are represented on distinct platforms, the actual probes
usually target different sequences of the target mRNA.

As part of the evaluation of the technology as a potential diagnostic tool, we
examined how closely normalized gene expression measurements for the same
gene correlate between cDNA and Affymetrix platforms and how well multi-
gene predictors developed on one platform hold up on data generated by the
other platform [19]. We profiled the same 33 RNA specimens on cDNA arrays
proprietary to Millennium Pharmaceuticals and also on Affymetrix U133A
GeneChips. This analysis was not designed to compare the accuracy of the two
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Fine needle aspiration Core needle biopsy

Stromal gene signagture

FNA CNB
IG FBP 3
Iysyl oxidase
angiotensin receptor-like 1
leiomodin
C1q
laminin alpha 4
aquaporin 1
MMP2
collagen, type VI, alpha 2
VE cadherin
PUGER beta
CD34
collagen, type 1, alpha
fibulin 1
alpha 2 macroglobulin
collagen type XV alpha 1
collagen type VI alpha 1
collagen type III alpha 1
IGF 1

Figure 19.2. Different biopsy techniques yield tissues with different cellular composition from the
same tumor. Fine needle aspirations (FNA) yield relatively pure neoplastic cells compared with core
needle biopsies (CNB) that contain a mixture of stroma and neoplastic cells. The dendogram gen-
erated by unsupervised hierarchical clustering shows that seven of ten matching FNA/CNB pairs
cluster together. Indicating similarity between the gene expression profiles. However, pairwise com-
parison of matching FNA and CNB from the same tumor also revealed important differences due
to the abundance of stromal cells in CNB.



platforms. This would have required a third, external, gold standard measure-
ment of mRNA expression. The U133A chip contained 22,215 probe sets rep-
resenting 13,736 unique UniGene clusters, whereas the cDNA arrays contained
30,720 clones corresponding to 21,594 unique UniGene clusters. Only 9,402
clusters were common to both platforms. Some of the most informative genes
associated with response to therapy on any particular platform were not pres-
ent on the other platform. Only 30% of all corresponding gene expression
measurements on the two platforms had Pearson correlation coefficient r ≥ 0.7.
There was substantial variation in correlation between different Affymetrix
probe sets that matched to the same cDNA probe. In general, genes with higher
than median expression values and probes that targeted the same or adjacent
sequence of the target mRNA showed the highest correlation between the two
platforms (Figure 19.3). This indicates that when probes on different platforms
map to the same target sequence then expression measurements can be highly
concordant. However, this condition is rarely met when probes from two distinct
platforms are compared. Our experiments also showed that multigene predic-
tors optimized for one platform loose discriminating accuracy when applied to
data generated by another platform. These findings are consistent with several
other reports that indicated modest overall correlation of gene expression meas-
urements across different gene expression profiling platforms (Figure 19.4)
[20–22]. Indeed, essentially all published results that attempted cross platform
testing of informative genes, regardless of methodology, reported diminished
classification accuracy on data generated by other than the original platform
[23,24].

From a practical point of view, experimental noise could be considered
acceptable if it does not alter the conclusion from an experiment. In the case of
multigene predictors, if the same outcome prediction can be made on data from
the original and from the replicate samples of the same RNA then the experi-
mental noise is practically insignificant. To examine this, we developed response
predictors using different numbers of genes in combination with three
commonly used class prediction algorithms (kNN, DLDA, and SVM) corre-
sponding to 111 different predictors that were trained on 62 samples. These
multigene predictors were then tested on 31 independent cases that were profiled
in replicates. The goal was to examine the prediction agreement on the replicate
sets of data. The mean percentage agreement for the DLDA-based predictors
was 92% (95% CI: 0.90–0.93, SD 0.009), for the kNN predictors it was 94% (95%
CI: 0.92–0.95, SD 0.008) and for the SVM predictors it was 97% (95% CI:
0.96–0.98, SD 0.006). Each prediction method performed well with a broad
number of informative genes included (Figure 19.5). These results indicate that
the technical reproducibility of gene expression data is sufficiently high to yield
essentially identical prediction results from duplicate samples. This degree of
reproducibility is the same or better than reported for ER immunohistochem-
istry or HER-FISH performed on the same samples in different clinical labora-
tories [25,26]. A large collaborative project between industry and academia
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also addressed the cross-platform as well as the intra- and inter-laboratory
reproducibility of gene expression data in the context of toxicogenomics (The
Hepatotoxicity Working Group of the International Life Science Institute,
http:// www.ILSI.org). This research consortium also reported high levels of
reproducibility of gene expression data between different commercial and aca-
demic laboratories when the same platform and similar experimental procedures
were used [27,28].

3.4. Estimated accuracy of multigene predictors of response to preoperative
chemotherapy

Several small studies have shown that the gene expression profiles of breast can-
cers that are sensitive to chemotherapy are different from those tumors that are
resistant to treatment (Table 19.1). Numerous mathematical methods can be used
to combine these differentially expressed genes into multigene pharmacogenomic
predictors of response [29]. In one study, investigators analyzed gene expression
data from core needle biopsies of 24 patients with locally advanced breast cancer
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A. Within Laboratory Correlations
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who received preoperative treatment with single agent docetaxel [12]. Sensitivity
to therapy was defined as residual diseases volume that was 25% or less than the
pretreatment clinical tumor volume. The investigators identified 92 genes that
were significantly correlated with the volume of residual cancer, and a genomic
predictor was developed. In cross-validation analysis of the same data, ten of 11
sensitive tumors (91% specificity) and 11 of 13 resistant tumors (85% sensitivity)
were correctly classified yielding an overall response prediction accuracy of 88%.
Our group used gene expression signatures from fine needle aspirates of 24 breast
cancers to develop a multigene predictor of pCR to preoperative sequential
weekly paclitaxel followed by 5-fluorouracil, doxorubicin, and cyclophos-
phamide chemotherapy [30]. An overall predictive accuracy of 78% in 21 inde-
pendent cases was observed in that study. Other investigators have also identified
gene expression signatures associated with response to preoperative chemo-
therapy. Paraffin-embedded biopsy materials from 89 patients were analyzed by
real-time RT-PCR to identify which of the 384 candidate genes were associated
with a complete pathologic response [14]. Only 86 genes identified in univariate
analysis were associated with response to sequential doxorubicin and paclitaxel-
based chemotherapy. Genes associated with response to single-agent weekly
paclitaxel preoperative chemotherapy also have been reported [31].
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Table 19.1. Phase I pharmacogenomic marker discovery studies in breast cancer

Patients and Treatment regimen Informative Predictive Reference
sampling genes and accuracy
method platform

n = 24 + 6 Docetaxel 92 genes 88%* [12]
CNB Affymetrix HgU95
n = 24 + 18 Weekly paclitaxel followed by 74 genes 78%** [30]
FNA 5-FU/doxorubicin/ Millennium 

cyclophosphamide cDNA array
n = 89 Doxorubicin/paclitaxel followed 86 genes Not reported [14]
FFPE/CNB by weekly paclitaxel Genomic health 

RT-PCR
n = 75 Weekly paclitaxel 23 genes 100%* [31]
CNB Agilent cDNA
n = 10 Doxorubicin/ 37 genes NCI Not reported [10]
CNB cyclophosphamide cDNA array
n = 49 Doxorubicin/cyclophosphamide 30 genes NKI Not reported [33]*

CNB or doxorubicin/docetaxel cDNA array
n = 21 Paclitaxel or doxorubicin/ 241 genes Not reported [32]
CNB docetaxel or 5-FU/ Millennium 

doxorubicin/ cDNA array
cyclophosphamide

The table summarizes the currently available published results on pharmacogenomic predictors of
response to preoperative chemotherapy for breast cancer. CNB, core needle biopsy; FNA, fine
needle aspiration; FFPE, formaldehyde-fixed paraffin-embedded tissue.
*overall cross-validation accuracy; **overall accuracy in independent validation.



An interesting approach to pharmacogenomic research is profiling serial
tumor biopsies during chemotherapy [10,32–34]. As a practical diagnostic test
this approach may have limitations because predicting response with an imper-
fect surrogate marker after treatment has begun is less appealing than selecting
the right drug before therapy. However, the analysis of transcriptional response
to therapy in serial biopsies could lead to new biological insights into mecha-
nisms of response and resistance to chemotherapy. Some consistent observa-
tions already emerged from these individually small studies. It is clear that 
pre- and posttreatment samples from the same tumor cluster together. This
indicates that the transcriptional changes induced by chemotherapy combined
with the resampling differences are minor compared with the interindividual
differences among breast tumors. The limited data also suggest that there is
substantial interindividual difference in transcriptional response to the same
treatment. In general, cancers that respond to treatment appear to have more
transcriptional changes than resistant tumors [33,34].

4. PHASE II PHARMACOGENOMIC MARKER OPTIMIZATION

All of the pharmacogenomic marker discovery studies reviewed in the previous
sections represent small, exploratory trials. They established the feasibility of
this approach to diagnostics and suggest that multigene predictors may have
accuracy that is within a clinically useful range. However, we may be reluctant
to commit substantial resources to the validation of a marker that has been
developed from 20–30 cases. The goal of the second phase of marker develop-
ment, after technical feasibility is established, is to optimize the predictor for
independent validation. Intuitively, predictors developed from the analysis of
larger sample sets are likely to be more accurate. This may particularly hold true
for multigene predictors that utilize machine-learning algorithms. These meth-
ods rely on supervised classification, in which statistical learning algorithms
formulate classification rules that connect gene expression values to observed
patient outcomes (e.g., response) [35]. Several different mathematical methods
may be used for this purpose, including linear discriminant analysis (LDA), sup-
port vector machines (SVM), neural networks (NN), k-nearest neighbors
(kNN), and recursive partitioning. In general, these methods are trained on
cases with known outcome, the training set, and combine the expression values
from multiple genes to predict the outcome in new cases (i.e., test set). The
informative genes entered into these algorithms are most commonly picked from
a list of differentially expressed genes that was generated from the training data
by comparing the two outcome groups of interest. An important goal of the
predictive marker optimization process is to estimate what particular algorithm
yields the best performance and how many genes need to be included in the pre-
diction model. This is frequently done by comparing the performance of various
predictors using different numbers of genes in leave-n-out cross-validation. During
this process, a subset of cases is omitted from the training set; informative genes
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are identified from the remaining subset and a class predictor is constructed
which is then tested on the held out cases [36]. This process is repeated many
times, with different sets of cases left out on each occasion, and the predictive
accuracies are averaged to yield estimated error rates for each particular classi-
fier method. Typically, the classifier that requires the least number of genes to
achieve an acceptable rate of correct classification is considered the best. To deter-
mine the true predictive accuracy of this optimized classifier, it will need to be
tested on an independent set of data.

A common feature of machine learning as well as human learning is that per-
formance improves with training. This implies that the accuracy of learning
algorithm-based predictors may improve as the predictor is trained on larger
data sets until it reaches an inherent plateau [37]. This leads to a second impor-
tant question, what the ideal training sample size is to develop a predictor that
shows optimal performance. Several different methods have been suggested to
calculate sample size for multigene marker discovery. A simple strategy is to base
sample-size calculations on the number of cases needed to ensure adequate
power for univariate screening of discriminating genes. Assuming that the array
data are approximately normally distributed, then one can use standard two-
sample testing methods to perform sample-size calculations [38]. Two important
limitations of this relatively simple approach are that it requires specification of
standard deviation, which can vary from gene to gene, and it can also lead to
high false discovery rates (FDR = the proportion of genes identified as being
significantly different when, in fact, they are not) due to many fold more vari-
ables (genes) than samples in each group. However, preliminary gene expression
data from 15–20 cases in each outcome group can be used to estimate standard
deviation for genes and methods to control FDR have also been developed. One
such method treats the distribution of p values computed for all candidate genes
as a mixture of two distributions, one from truly differentially expressed genes
and one from the nondifferentially expressed genes [39]. Using this approach,
one can specify an acceptable FDR threshold and find a p value threshold that
will lead to that FDR. Another appealing strategy to estimate optimal sample
size for machine learning-based marker discovery is based on using preliminary
results to extrapolate classification results for larger sample sizes. Learning
curves may be generated for any particular predictor by fitting inverse power-
law models to the preliminary data to predict how fast the classification per-
formance improves as the training set size increases.

We used gene expression data from 82 patients who received preoperative
paclitaxel/FAC chemotherapy to develop and optimize a predictor of pCR to
this regimen. We evaluated the performance of 780 different class predictors
that represented 20 different classification methods (DLDA, SVM with lineal,
polynomial and radial kernels, kNN with k = 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23,
25, 27, 29, 31, and 33) in combination with 39 distinct gene sets spanning the
range from 1 to 22,283 probes ranked by p values and spaced approximately
equally on the log scale. Area above the ROC (AAC) curves calculated for each
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predictor from the means of 100 iterations of fivefold complete cross-validation
indicated that classifier performance improved with increasing numbers of
genes leveling off at about 80 genes. The majority of the predictors performed
equally well compared with each other [40]. Among the classifiers with fewer
than 80 genes, a DLDA 30 gene classifier showed the best performance. In five-
fold cross-validation in the training set, this predictor showed mean AAC of
18% (95%CI: 0–37%), sensitivity 75% (35–100%), specificity 73% (48–97%), and
positive (PPV) and negative predictive values (NPV) of 50% (20–79%) and 90%
(75–100%), respectively. To determine if it performed significantly better than
chance we did permutation testing in cross-validation. The permutation test 
p value was 0/1000, none of the 1000 permuted data sets had performance as
high or higher than that calculated from the original class labels. This 30-probe
set DLDA classifier (DLDA-30) was selected for independent validation.
However, the mean AAC point estimates for most of the other classifiers fall
within the confidence interval shown by DLDA-30. This indicates that picking
the best classifier is a somewhat arbitrary process because many prediction
methods and gene sets can perform equally well.

We also estimated how the performance of different predictors may improve
with larger training set size by fitting learning curves to existing data and extrap-
olating the results to larger sample sizes using the method described by
Mukherjee et el. [37]. For most classifiers learning curves started to plateau after
around 50–60 training cases (including 1/3 of cases with pCR). Figure 19.6
shows an example of learning curves of kNN predictors including various num-
bers of genes and trained on increasing number of cases. Data beyond 80 cases
represent projected results of computer simulation. The results suggest that
around 80–100 cases may be sufficient to develop multigene predictors of pCR
that operate close to maximal accuracy. However, this number is likely to vary
substantially from prediction problem to prediction problem. The necessary
sample size depends on the structure of the gene expression data (i.e., extent of
difference in gene expression between outcome groups) and frequency of out-
come to be predicted.

5. PHASE III VALIDATION OF CLINICAL UTILITY

Once a candidate predictor has been identified and its predictive accuracy esti-
mated during the phase II marker optimization process, the goal of an inde-
pendent validation study is to (1) define the true sensitivity, specificity and the
PPV and NPV with greater precision and (2) to prove clinical utility of the test.
No phase III randomized validation studies have been completed so far to
demonstrate clinical utility and establish the true predictive values of any pro-
posed pharmacogenomic response predictor. A two-arm phase III validation
trial is currently under way at the Nellie B. Connally Breast Center of the
University of Texas M. D. Anderson Cancer Center. This study tests the accu-
racy and regimen specificity of a 26-gene predictor of pCR to paclitaxel/
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FAC chemotherapy that was developed from the analysis of gene expression
data from 82 patients. The design of this trial is illustrated in Figure 19.7. An
FNA is obtained for transcriptional profiling before starting preoperative
chemotherapy, subsequently patients are randomized to receive either six
courses of FAC or 12 courses of weekly paclitaxel followed by four courses of
preoperative FAC chemotherapy. It is expected that patients with
paclitaxel/FAC-sensitive profile will have a 60% pCR rate (corresponding to
60% positive predictive value), whereas the rest of the patients will have a low
pCR rate of 5%. Response data from the 110 patients who will receive this ther-
apy will be used to test these assumptions. Data from the remaining patients
who received FAC chemotherapy will be used to assess if the predictor is
chemotherapy regimen-specific. Since both regimens include FAC, we expect
that patients with a paclitaxel/FAC sensitive profile will also have a somewhat
higher rate of pCR to FAC only therapy compared with the patients with other
profiles. However, we hope that in the sensitive group of patients the pCR rates
to FAC only therapy will be significantly lower (40%) compared with pacli-
taxel/FAC treatment (60%). Final results from this ongoing study are expected
within 2 years. Similar studies are underway at other academic centers to deter-
mine if drug or treatment-regimen-specific multigene predictors of response
can be developed. Preliminary results from a study that aims to develop
pharmacogenomic predictors of response to single agent docetaxel and
doxorubicin/cyclophosphamide preoperative chemotherapies suggest that
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Figure 19.6. Learning curves of kNN predictors including various numbers of genes and trained on
increasing number of cases.



different sets of genes are associated with response to these two different types
of treatments (J. C. Chang, personal communication).

6. CONCLUSIONS

Gene expression profiling of cancer is a promising new technology that may be
used in the future to select the most cost-effective and least toxic chemotherapy
for an individual based on the molecular profile of her cancer. However, before
this technique can be adopted in the clinic, several challenges will need to be
solved. The preliminary observations will have to be confirmed, and the true
predictive accuracy of these tests will need to be determined in larger clinical tri-
als. To demonstrate clinical utility, randomized, phase III marker validation
studies will need to be completed. In order to be most useful, pharmacogenomic
predictors will need to be regimen-specific, and a portfolio of such predictors
will need to be developed. Multigene predictors utilizing machine-learning algo-
rithms may have several unique features. The number of genes, as well as the
individual sequences, included in the prediction model may change over time as
more data becomes available for marker discovery to train the predictor. This
may result in the introduction of a series of predictors for the same purpose with
increasing accuracy. It is also increasingly clear that many different mathemati-
cal methods and distinct combinations of genes could yield several different pre-
dictors with reasonably similar performance from the same data. This could
make the commercial development and regulatory approval of pharmacoge-
nomic predictors challenging. It is likely that if adopted for clinical use, several
different profiling platforms may coexist as optional diagnostic tests. Limited
profiling using RT-PCR or small, specialized arrays that measure only the genes
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that contribute to a particular prognostic signature are already commercially
available (OncotypeDX®, Genomic Health, Inc, Redwood City, CA; Mamma-
Print®, Agendia, Amsterdam, The Netherlands). Similar products for chemo-
therapy prediction may appear on the market within a few years. It is also
important to recognize that mRNA-based assessment of the expression of
estrogen receptor (ER) and HER-2 gene amplification corresponds very closely
to routine immunohistochemistry and FISH results [41]. Microarray-based
determination of clinical ER and HER-2 status is quite feasible. Therefore, an
“all-in-one” diagnostic service may emerge in the future where traditional single
gene markers are reported along with the new multigene markers that predict
prognosis and response to various types of treatments, all from a single com-
prehensive gene expression profile data obtained from a needle biopsy at the
time of diagnosis.
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CHAPTER 20

VASCULAR ENDOTHELIAL GROWTH FACTOR
INHIBITORS IN COLON CANCER

EDUARDO DÍAZ-RUBIO

Hospital Clínico San Carlos, Madrid, Spain

Abstract: Angiogenesis, the process by which new blood vessels are formed from preexisting
vessels, is essential for growth and progression of solid tumors. A number of growth
factors regulate angiogenesis, but vascular endothelial growth factor (VEGF) is the
most important. Activation of the VEGF pathway triggers a range of signaling
processes, stimulating vascular endothelial cell growth, migration, survival, and
permeability. VEGF is expressed by most human cancers and its expression often
correlates with tumor progression and poor prognosis. In contrast, VEGF plays a
limited role in adult physiological angiogenesis, making it an ideal target for
therapeutic agents designed to inhibit tumor angiogenesis. Disruption of VEGF
signaling can occur through inhibition of the VEGF ligand or receptors, and
preclinical models have shown that VEGF and VEGF receptors are viable targets for
antiangiogenic agents.

Many anti-VEGF/VEGF receptor agents are in development for the treatment of
various cancers. Combining these agents with chemotherapy regimens results in
enhanced antitumor activity, possibly due to normalization of the existing tumor
vasculature or increased endothelial/tumor cell apoptosis. Only two such agents
have been evaluated in phase III clinical trials. Bevacizumab (Avastin), an anti-
VEGF monoclonal antibody, has been investigated in combination with the most
commonly used chemotherapy regimens for the treatment of metastatic
colorectal cancer (mCRC). Phase III trial data show that bevacizumab and
concomitant chemotherapy significantly improve patient outcomes in the first-
and second-line settings. Bevacizumab is the only antiangiogenic agent approved
for the treatment of mCRC. PTK787 (vatalanib), a VEGF receptor tyrosine
kinase inhibitor (TKI), is the only other agent with phase III data in mCRC. The
CONFIRM-1 trial showed that PTK787 in combination with FOLFOX4
produced a small increase in progression-free survival that is neither clinically or
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statistically significant. Anti-VEGF/VEGF receptor agents are generally well
tolerated and do not increase the incidence of chemotherapy-related toxicities.
However, they are associated with side effects, including hypertension and
thromboembolism. Additionally, drug-specific adverse events may be observed,
such as gastrointestinal perforation with bevacizumab and neurological effects
with PTK787.

The ongoing development of anti-VEGF/VEGF receptor agents is expected
to improve the management of mCRC. Trial data from studies using beva-
cizumab in the adjuvant setting and first line in combination with FOLFOX and
XELOX are keenly awaited. It will also be interesting to evaluate the overall sur-
vival data from CONFIRM-1, as well as the second-line CONFIRM-2 trial, to
clarify the role of PTK787 in CRC.

1. INTRODUCTION

Angiogenesis, the process whereby new blood vessels are formed from preexist-
ing vessels, is essential for both embryonic and infant growth and development.
Angiogenesis continues throughout development, with new vessels forming by
sprouting or splitting from existing vessels, followed by remodeling. However, in
healthy adults, angiogenesis occurs at a greatly decreased rate and is associated
primarily with wound healing and the menstrual cycle.1

Both normal and tumor cells rely on angiogenesis to ensure a constant supply
of nutrients and growth factors; tumor cells also require this new blood supply
to allow metastasis to distant sites and local increases in blood vessel density are
known to precede rapid tumor growth.2 Tumors <2 mm in size are dormant and
receive their nutrients simply by diffusion. These tumors may remain dormant
for many years before angiogenesis allows them to grow and metastasize.
Growth of a tumor to a size larger than 1–2 mm in diameter requires access to
a vascular supply. This involves stimulating the neighboring host mature vascu-
lature to sprout new blood vessel capillaries, which grow towards, and subse-
quently infiltrate, the tumor mass.3

Angiogenesis is regulated by a balance of pro- and antiangiogenic factors.
The process by which the tumor becomes able to stimulate the development of
blood vessels is often referred to as the “angiogenic switch,” which results from
tumor mutation that produces an imbalance between pro- and antiangiogenic
factors in favor of pro-angiogenic factors.4 Research has shown that of the
known proangiogenic factors, VEGF is the key mediator of both normal and
tumor angiogenesis.5,6

The “angiogenic switch” itself leads to a complex series of events, including
endothelial cell activation and the release of proteolytic enzymes, followed by
endothelial cell migration, proliferation, and capillary tube formation.7–12

Factors such as activation of oncogenes and loss of tumor suppressor genes
are also capable of inducing the “angiogenic switch.”13 Once initiated, tumor



angiogenesis allows growth of the primary tumor and the resulting tumor vas-
culature is also a route for metastatic spread of individual cancer cells.14

As the tumor vasculature results from abnormal angiogenic stimulation, it
has an abnormal structure and function. Tumor blood vessels are immature and
dependent on VEGF, irregularly shaped, abnormally branched, imperfectly
lined with endothelial cells, and prone to hemorrhage, do not always connect
properly to other vessels, and are not organized into definitive venules, arteri-
oles, and capillaries. Tumor vessels do not possess the tight endothelial layer
that is essential for normal barrier function, leading to leakage from the vessels15

and consequently an increase in interstitial fluid pressure.16 As a result of these
irregularities, blood flow within tumor vessels is generally slow, which can lead
to dysfunctional capillaries,17 and normal pressure gradients are reversed com-
promising drug delivery.

Much research has been devoted to developing agents that will target 
tumor angiogenesis. The VEGF pathway has been identified as a key target for
inhibition.

2. VASCULAR ENDOTHELIAL GROWTH FACTOR

VEGF is a member of a family of angiogenic and lymphangiogenic growth fac-
tors. The VEGF family comprises six glycoproteins: VEGF-A to E and placen-
tal growth factors (PlGF)-1 and -2.1, 18, 19 VEGF (also known as VEGF-A) is a
homodimeric glycoprotein of 34–46 kDa in size that exists in at least seven iso-
forms, resulting from alternative exon splicing of VEGF messenger ribonucleic
acid (mRNA).1, 20 The most common VEGF isoform is VEGF165, so called
because there are 165 constituent amino acids in the protein. VEGF has a num-
ber of biological functions that contribute to angiogenesis. These include
growth and proliferation of vascular endothelial cells, migration of vascular
endothelial cells, survival of immature endothelial cells through prevention of
apoptosis, and increased vascular permeability in capillaries.1, 20

Expression of the VEGF gene is regulated by various factors, including
hypoxia, pH, cellular transformation, growth factors, hormones, and oncogenes.
Of these, hypoxia is the most important. Hypoxia induces VEGF expression by
signaling through hypoxia-inducible transcription factors (HIFs), which upreg-
ulate many angiogenic genes.11 HIF-1 is a heterodimer that binds to a specific
region within the VEGF gene known as the hypoxia-response element (HRE),
activating VEGF gene transcription. In the presence of oxygen, HIF-1 is bound
to the tumor suppressor von Hippel-Lindau (VHL) protein and remains inac-
tive. Under hypoxic conditions, HIF-1 is phosphorylated and interacts with
transcription factors in the nucleus to activate genes, including VEGF and
VEGF receptor-1.21

VEGF is expressed by colorectal cancers (CRCs) as well as a variety of other
solid tumors, and expression is significantly correlated with the extent of tumor
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angiogenesis,22 advanced lymph node status and distant metastasis.23 VEGF is
also closely correlated with other prognostic indicators,24 and early preclinical
data have implicated VEGF in tumor growth.25

2.1. VEGF receptors

VEGF binds primarily to two receptors situated on endothelial cells,26 VEGF
receptor-1 (also known as Flt-1) and VEGF receptor-2 (also known as Flk-1 or
KDR). Each of these receptors has an extracellular domain, which binds
VEGF, a single transmembrane region and a tyrosine kinase intracellular
domain. VEGF receptor-1 is crucial for physiologic and developmental angio-
genesis and was originally thought to act as a “decoy receptor” for VEGF,27

reducing the number of VEGF molecules able to bind to VEGF receptor-2.
However, recent studies have shown that VEGF receptor-1 is also able to induce
a mitogenic signal.1, 28 VEGF receptor-2 mediates the majority of downstream
signaling events stimulated by VEGF in angiogenesis and there is evidence to
suggest that activation of VEGF receptor-2 alone is enough to efficiently stim-
ulate angiogenesis.29 A third VEGF receptor has also been described (VEGF
receptor-3). This receptor was originally cloned from a human leukemia cell line
and human placenta,30, 31 and does not bind VEGF, but preferentially binds
VEGF-C and VEGF-D.

2.2. The role of VEGF in angiogenesis

VEGF is recognized as the key mediator of angiogenesis. Activation of the
VEGF pathway triggers multiple signaling events that result in endothelial cell
survival, mitogenesis, migration and differentiation, and mobilization of
endothelial progenitor cells from the bone marrow into the peripheral circula-
tion.32 Thus, VEGF is a key factor in controlling many of the processes essen-
tial to tumor angiogenesis: it stimulates vascular endothelial cells to grow and
migrate to form blood vessels; and it enables these vessels to survive, even if they
are immature or abnormally formed.33 Furthermore, the activity of VEGF has
other effects that influence the characteristics of tumor blood vessels. Tumor
blood vessels are hyperpermeable and VEGF is known to be a permeability fac-
tor; hyperpermeability causes leakage of fluids from vessels into the tumor34, 35

and an increase in interstitial pressure, effectively reversing the normal pressure
gradients within tissues and preventing the penetration of molecules, including
chemotherapeutic agents.16 VEGF may also be involved in lymphangiogenesis,
and stimulation of the formation of giant lymphatic vessels in tumors may pro-
vide another possible route for metastatic spread.36

Based on this, targeting VEGF as a therapeutic strategy has the potential to
prevent tumor angiogenesis. By targeting a factor that influences the growth of
endothelial cells lining tumor blood vessels rather than tumor cells, the need for
drugs to penetrate the tumor is removed. Furthermore, unlike tumor cells,
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vascular endothelial cells are genetically stable and therefore there is potentially
less risk of acquired resistance to therapy.37

In addition to promoting tumor growth by inducing angiogenesis, VEGF may
also support tumor cell growth and survival through alternative mechanisms,
including the induction of antiapoptotic signals,38 inducing resistance to radio-
therapy, increasing the likelihood of metastasis and suppressing the antitumor
immune response.39

2.3. VEGF as a target for anticancer therapy

As previously stated, the role of VEGF and angiogenesis in adulthood is lim-
ited. Thus, targeting VEGF would be expected to inhibit tumor angiogenesis
and thus growth without compromising the function of normal vasculature in
healthy tissues. VEGF signaling can be targeted by developing agents that bind
to and inhibit the VEGF ligand or its receptor(s), preventing receptor activation
and downstream signaling. Both are potentially viable targets for anticancer
therapy and a number of different treatment options are currently in develop-
ment. Differences exist between agents that inhibit VEGF and those that inhibit
VEGF receptor (Table 20.1).

Examples of agents that inhibit VEGF or its receptors include monoclonal
antibodies, soluble receptors and small molecule TKIs. Monoclonal antibodies
(e.g., bevacizumab [Avastin]) bind to VEGF, effectively removing circulating free
VEGF and preventing it from binding to its receptor.39, 40 There are several ben-
efits to be gained from targeting VEGF in this way. Monoclonal antibodies are
custom designed and consequently are highly specific and bind only to the
desired molecule. They are able to inhibit VEGF activity on all receptors with
which the ligand interacts. Therefore, the proangiogenic effects of VEGF medi-
ated through all of the receptors to which it binds can be inhibited. Soluble
receptors, such as VEGF-Trap, also bind directly to the VEGF ligand to inhibit
its binding to VEGF receptors.

Monoclonal antibodies can also be used to target the VEGF receptor, mak-
ing the receptor unavailable for binding with VEGF. Again, the ability to cus-
tom design monoclonal antibodies means that a single receptor can be targeted.
This means, however, that although VEGF signaling through a single receptor
may be blocked, signaling through other VEGF receptors will not be affected
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Table 20.1. Selected differences between VEGF and VEGF receptor inhibitors

Agents targeting VEGF Agents targeting VEGF receptor

Inhibit activities of ligand on endothelial Small molecule inhibitors of VEGF receptor 
and nonendothelial cells have variable specificity

Inhibit VEGF activity on all of its receptors May inhibit VEGF signaling through a single 
receptor but not all receptors

May not affect the function of other VEGF Inhibit the activity of other VEGF family 
family ligands members signaling through the same receptor



and the effects of VEGF may still be expressed. Alternatively, the effects of
other ligands acting through the same receptor may be inhibited, causing
unwanted effects.

Another method for targeting VEGF receptors is the use of small molecule
TKIs, which directly inhibit VEGF receptor tyrosine kinase within the cell, effec-
tively inhibiting VEGF receptor signaling. The potential drawbacks of utilizing
TKIs are a lack of specificity and failure to bind and inhibit all VEGF receptors,
allowing receptor stimulation and angiogenesis by circulating free VEGF.

Based on the known activity of VEGF in tumor angiogenesis, the likely
effects of VEGF inhibition are: (1) inhibition of new tumor vessel development,
inhibiting tumor growth and metastasis; (2) regression of immature vessels,
causing tumor cell death and growth inhibition; and (3) normalization of the
function of remaining vessels, improving the delivery of other therapies.

3. VEGF INHIBITORS IN CLINICAL DEVELOPMENT FOR 
USE IN COLORECTAL CANCER

To date, several VEGF inhibitors have been developed and are under clinical
investigation for the treatment of CRC. Two main classes of inhibitor are cur-
rently being evaluated: (1) monoclonal antibodies and (2) TKIs.

3.1. Monoclonal antibodies

Several anti-VEGF or anti-VEGF receptor monoclonal antibodies are under
investigation, with bevacizumab being the best developed. Others include IMC-
1121B and 2C3. IMC-1121B (ImClone) is a fully humanized monoclonal anti-
body targeted against VEGF receptor-2. It is currently undergoing phase I
evaluation in a dose-escalation study conducted at the Fox Chase Cancer Center
and the University of Colorado. The primary endpoint of the study is to estab-
lish the safety profile and maximum tolerated dose of weekly IMC-1121B
administered to patients who have previously failed standard treatment for
advanced cancer or to those patients for whom no standard therapy is available.

2C3 is a monoclonal antibody that selectively blocks the binding of VEGF to
VEGF receptor-2. In preclinical studies, 2C3 has been shown to be effective at
controlling the growth of human tumor xenografts in mice.41, 42

The remainder of this section focuses on bevacizumab. A4.6.1 is an anti-
human VEGF monoclonal antibody produced in mice that binds to human
VEGF. It has no effect on mouse VEGF43 and binds at a specific site within the
human VEGF molecule with high affinity (dissociation constant = 8×10−10 M).
A4.6.1 is unsuitable for use in humans because it is likely to provoke an immune
response that could lead to anaphylactic shock. Consequently, a humanized
form of A4.6.1, bevacizumab, has been developed. Bevacizumab inhibits the
binding of all VEGF isoforms to their receptors,43 with a binding affinity of 1.8
nM, close to that of its parent antibody, A4.6.1. Bevacizumab is currently the
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only antiangiogenic and anti-VEGF agent approved for use in CRC, or any
other form of cancer, and it is also undergoing clinical evaluation in a variety of
other cancers, including breast and non-small cell lung cancer.

3.1.1. Preclinical studies of bevacizumab

In preclinical studies, bevacizumab was shown to inhibit VEGF-induced prolif-
eration of endothelial cells and to inhibit angiogenesis and the growth of human
tumor xenografts in mice.43 Bevacizumab has also been shown to have synergis-
tic activity in combination with different chemotherapy regimens. For example,
the addition of bevacizumab to capecitabine (Xeloda) resulted in improved inhi-
bition of growth of colorectal tumor xenografts in mice.44 This synergy has been
attributed to the different mechanisms of action and targets of the therapies
used. Preclinical toxicity data indicated that bevacizumab should be well toler-
ated both as a single dose and in repeat doses over 6 months.45 Therefore, clini-
cal studies were implemented to test the efficacy and safety of bevacizumab in
human patients.

3.1.2. Clinical development of bevacizumab

Early phase I trials were carried out to investigate the activity and safety of
bevacizumab as a single agent46 and in combination with different chemother-
apy regimens.47 In the monotherapy study, 25 patients were accrued and all were
eligible for safety assessment. Dose levels of 0.1, 0.3, 1.0, 3.0, and 10.0 mg/kg
were investigated and bevacizumab was administered on days 0, 28, 35, and 42.
There were no grade III or IV infusion-related adverse events; however, a small
number of patients reported grade 1 or 2 asthenia, headache, fever, and rash as
the most common adverse events. There were also reported cases of increased
blood pressure and bleeding, which were thought to be related to bevacizumab.
Bevacizumab demonstrated a favorable pharmacokinetic profile (demonstrating
a half-life of approximately 21 days at doses ≥0.3 mg/kg) and preliminary effi-
cacy results were encoraging, with 12 out of 23 patients achieving stable disease
70 days after commencing treatment. No patients achieved objective partial or
complete responses.

Margolin et al.47 investigated the combination of bevacizumab with doxoru-
bicin (Adriamycin), carboplatin (Paraplatin)/paclitaxel (Taxol) or 5-fluorouracil
(5-FU)/leucovorin (LV) in 12 patients with advanced solid tumors. Patients were
excluded if they had evidence of central nervous system (CNS) disease, preg-
nancy, hypercalcemia or other major medical illness. Bevacizumab was adminis-
tered initially as a 90-min intravenous infusion, followed by a second infusion
over 60 min and all subsequent infusions over 30 min in the absence of any
adverse events. Doxorubicin was administered as a 50 mg/m2 dose every 28 days;
carboplatin and paclitaxel were also administered every 28 days (area under the
curve [AUC] = 6 and 175 mg/m2, respectively); 5-FU (500 mg/m2) was adminis-
tered weekly for 6 weeks with LV (20 mg/m2) every 8 weeks. The limited number
of patients enrolled in this study prevents any definite conclusions regarding the
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antitumor effects of the combination therapies being made. Grade 3 toxicities
were rare and were attributed to the chemotherapy regimen, not bevacizumab.
Reported toxicities were diarrhea (one patient), thrombocytopenia (two
patients), and leukopenia (one patient). The authors concluded that the
regimens were well tolerated and appropriate for further study in randomized
clinical trials.

Following this demonstration of the safety of bevacizumab in these early
studies, bevacizumab entered phase II and III trials in CRC and other tumor
types. In CRC, bevacizumab has been investigated with irinotecan
(Camptosar)/5-FU/LV (IFL),48 5-FU/LV,49 5-FU/LV plus oxaliplatin (Eloxatin)
(FOLFOX4),50 capecitabine plus oxaliplatin (XELOX),51 and cetuximab
(Erbitux) with or without irinotecan.52

3.1.3. Investigation of bevacizumab first line in metastatic CRC

The initial clinical trial of bevacizumab in metastatic CRC was a phase II trial
investigating the safety, efficacy, and pharmacokinetics of the combination
of two different doses of bevacizumab (5 mg/kg and 10 mg/kg) with 5-FU/LV.49

A total of 104 patients were randomly assigned to one of three treatment arms
5-FU/LV alone, bevacizumab 5 mg/kg every 2 weeks plus 5-FU/LV or beva-
cizumab 10 mg/kg every 2 weeks plus 5-FU/LV. All patients received 5-FU/LV
weekly for the first 6 weeks of an 8-week cycle according to the Roswell Park
regimen.53 Bevacizumab was administered as a continuous infusion over 90 min
every 2 weeks for up to 48 weeks or until disease progression.

Efficacy appeared best in the bevacizumab 5 mg/kg arm (progression-free sur-
vival of 9 months compared with 7.2 months for the 10 mg/kg arm and 5.2
months for the control arm) (Table 20.2), with a statistically significant 61%
reduction in the hazard of progressing and a reduction in the hazard of death
of 37%. The latter result was not statistically significant, possibly because 22 of
the 36 patients in the 5-FU/LV alone arm crossed over to receive single-agent
bevacizumab 10 mg/kg every 2 weeks at progression. In these 22 patients,
median duration of therapy was 2 months, two patients achieved a partial
response and seven patients had stable disease. These data suggested that beva-
cizumab might have efficacy in patients with pretreated metastatic CRC.

Grade 3/4 adverse events were comparable in both bevacizumab treatment
arms, but were increased in incidence compared with the control arm (Table
20.3). This increase could be a result of the longer duration of treatment in the
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Table 20.2. Efficacy results from a phase II trial of 5-FU/LV with or without bevacizumab49

Bevacizumab

Control 5 mg/kg 10 mg/kg Pooled 
(n = 36) (n = 35) (n = 33) (n = 68)

Median time to progression (months) 5.2 9.0 7.2 7.4
Response rate (%) 17 40 24 32
Median survival (months) 13.8 21.5 16.1 –



bevacizumab arms. Bevacizumab therapy was associated with hypertension,
proteinuria, and epistaxis. The incidence of thrombosis was identified as a cause
for concern as it was fatal in one patient and caused bevacizumab discontinua-
tion in three other patients. Notwithstanding, bevacizumab was generally
viewed as well tolerated.

These preliminary study results demonstrated that bevacizumab, in combina-
tion with 5-FU/LV, increases response rate and prolongs time to progression
compared with 5-FU/LV alone in patients with metastatic CRC. The beva-
cizumab 5 mg/kg every 2 weeks dose was selected for use in further trials based
on these data.

A large phase III trial of bevacizumab was initiated in 1999 when IFL was the
standard therapy in the USA.48 In this trial, patients with previously untreated
metastatic CRC were randomized to IFL plus placebo, IFL with bevacizumab 5
mg/kg every 2 weeks or 5-FU/LV (Roswell Park) plus bevacizumab 5 mg/kg
every 2 weeks. Eight hundred and thirteen patients were randomly assigned to
IFL plus bevacizumab or IFL plus placebo. The third treatment arm (5-FU/LV
plus bevacizumab) was discontinued after approximately 100 patients had been
enrolled when a planned interim safety analysis concluded that the combination
of IFL plus bevacizumab had an acceptable safety profile. The primary end-
point was overall survival; secondary endpoints were progression-free survival,
response rate, duration of response, safety, and quality of life.

Patients were excluded if they had previously undergone chemotherapy or
biological therapy for metastatic disease, any radiotherapy within 14 days of
study commencement, major surgery within 28 days of study commencement,
clinically significant cardiovascular disease or known CNS metastases.
Bevacizumab (5 mg/kg) was administered every 2 weeks, concurrently with
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Table 20.3. Selected grade 3/4 adverse events in a phase II trial of 5-FU/LV with or without
bevacizumab49

Bevacizumab

Control (n = 35) 5 mg/kg (n = 35) 10 mg/kg (n = 32)

Any event (%) 54 74 78
Diarrhea (%) 37 28 31
Leukopenia (%) 3 6 3
Stomatitis (%) 0 0 0
Fever (%) 0 0 3
Headache (%) 0 0 3
Rash (%) 0 3 0
Chills (%) 0 0 0
Abdominal pain (%) 3 9 12
Weight loss (%) 0 3 0
Gastrointestinal hemorrhage (%) 0 0 9
Epistaxis (%) 0 0 0
Hypertension (%) 0 9 25
Infection (%) 0 0 3
Thrombotic events (%) 3 14 6



chemotherapy. All patients were followed until death, loss to follow-up or ter-
mination of the study.

This trial demonstrated that adding bevacizumab to IFL significantly
increases overall survival from 15.6 to 20.3 months (Table 20.4). Median time to
progression and response rate were also increased in the bevacizumab treatment
arm. Adverse events are summarized in Table 20.5. The incidence of any grade
3/4 adverse event was approximately 10% higher in those patients treated with
IFL plus bevacizumab compared with the control arm. Importantly, there were
no significant differences in the incidence of events leading to hospitalization or
in the 60-day any cause mortality rate. Bevacizumab-related events included
hypertension, proteinuria, and minor bleeding, all of which were either asympto-
matic or manageable. However, gastrointestinal perforation, which had not been
observed in other trials of bevacizumab, also occurred, albeit uncommonly. This
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Table 20.4. Efficacy results from the phase III trial of IFL with or without bevacizumab48

IFL/placebo IFL/bevacizumab 
(n = 411) (n = 402) P

Median survival (months) 15.6 20.3 <0.001
1-year survival rate (%) 63.4 74.3 <0.001
Progression-free survival (months) 6.2 10.6 <0.001
Overall response rate (%) 34.8 44.8 0.004
Complete response (%) 2.2 3.7 –
Partial response (%) 32.6 41.0 –
Median duration of response (months) 7.1 10.4 0.001

Reproduced with permission. Copyright 2004 Massachusetts Medical Society. All rights reserved.

Table 20.5. Safety results from the phase III trial of IFL with or without bevacizumab48

IFL/placebo IFL/bevacizumab
(n = 397) (n = 393)

Any grade 3/4 adverse event (%) 74.0 84.9
Adverse event leading to hospitalization (%) 39.6 44.9
Adverse event leading to treatment discontinuation (%) 7.1 8.4
Adverse event leading to death (%) 2.8 2.6
Death within 60 days (%) 4.9 3.0
Leukopenia (grade 3/4, %) 31.1 37.0
Diarrhea (grade 3/4, %) 24.7 32.4
Hypertension

Any 8.3 22.4
Grade 3 2.3 11.0

Any thrombotic event (%) 16.2 19.4
Deep thrombophlebitis (%) 6.3 8.9
Pulmonary embolus (%) 5.1 3.6
Bleeding (grade 3/4, %) 2.5 3.1
Proteinuria

Any (%) 21.7 26.5
Grade 3 (%) 0.8 0.8

Gastrointestinal perforation (%) 0.0 1.5

Reproduced with permission. Copyright 2004 Massachusetts Medical Society. All rights reserved.



event has subsequently been found to affect approximately 1.5% of beva-
cizumab-treated patients and can be fatal. Therefore, it is essential that physi-
cians using bevacizumab are aware that this event can occur and are familiar
with the symptoms to enable early diagnosis.

Subsequently, data from the third arm of this trial have been reported. In
agreement with the results of the phase II trial conducted by Kabbinavar et al.
(2003),49 these also show that adding bevacizumab to 5-FU/LV improves patient
outcomes.54 Further support is added by the results of another phase II trial
comparing the same regimens, but in patients not suitable for irinotecan ther-
apy.55 This trial enrolled 209 patients with previously untreated metastatic CRC;
these patients had a higher median age than those treated in other bevacizumab
trials in metastatic CRC. The primary endpoint of this study was overall sur-
vival and secondary endpoints included progression-free survival, objective
response rate, response duration and change in quality of life as measured by the
Functional Assessment of Cancer Therapy-Colorectal (FACT-C) quality of life
questionnaire.

The median duration of therapy was 23 weeks in the placebo treatment arm
and 31 weeks in the bevacizumab treatment arm. The addition of bevacizumab
to FU/LV was associated with increases in overall survival, median progression-
free survival, response rate and median duration of response (Table 20.6).
Bevacizumab was again well tolerated, with side effects similar to those observed
in other trials (Table 20.7).

To further evaluate the efficacy of adding bevacizumab to 5-FU/LV, a com-
bined analysis was also carried out.56 Efficacy data from the bevacizumab 5
mg/kg every 2 weeks plus 5-FU/LV arms of the three studies described were
compared with data for 5-FU/LV alone or IFL, the control arm in the phase III
trial. The inclusion of IFL-treated patients in the control arm biases against see-
ing a benefit of adding bevacizumab to 5-FU/LV because IFL is a more effec-
tive regimen than 5-FU/LV. This combined analysis allows a more robust
assessment of the efficacy of bevacizumab plus 5-FU/LV.

In total, 241 patients were included in the combined control group (receiving
either FU/LV or IFL) and 249 patients received 5-FU/LV/bevacizumab. The pri-
mary efficacy endpoint was duration of survival; progression-free survival,
median time to disease progression and objective response during first-line ther-
apy were also investigated. Efficacy results are summarized in Table 20.8.
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Table 20.6. Efficacy results from a phase II trial of 5-FU/LV with or without bevacizumab in
patients unsuitable for irinotecan55

5-FU/LV/placebo 5-FU/LV/bevacizumab 
(n = 105) (n = 104) P

Median survival (months) 12.9 16.6 0.160
Progression-free survival (months) 5.5 9.2 0.0002
Overall response rate (%) 15.2 26.0 0.055
Duration of response (months) 6.8 9.2 0.088



Median duration of survival, response rate and the median duration of pro-
gression-free survival were all increased in the bevacizumab treatment arm, indi-
cating that the addition of bevacizumab to 5-FU/LV provides significantly greater
benefit to patients with previously untreated metastatic CRC than 5-FU/LV alone.
The safety analysis was complicated by the inclusion of irinotecan in the com-
bined control group but overall, tolerability was as expected (Table 20.9).

Data from these trials have led to the approval of bevacizumab for the first-
line treatment of metastatic CRC worldwide. The precise approved use varies,
but currently available data solidly support the use of bevacizumab in combina-
tion with 5-FU/LV with or without irinotecan.

3.1.4. Bevacizumab in combination with oxaliplatin-containing regimens

Bevacizumab has also been combined with oxaliplatin-containing regimens 
to great effect. The phase III E3200 trial investigated the combination of
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Table 20.7. Safety results from a phase II trial of 5-FU/LV with or without bevacizumab in
patients unsuitable for irinotecan55

5-FU/LV/placebo (n = 104) 5-FU/LV/bevacizumab (n = 100)

Any grade 3/4 adverse event (%) 71 87
Adverse event leading to study 12 10

discontinuation (%)
Adverse event leading to death (%) 7 4
All-cause mortality at 60 days (%) 14 5
Diarrhea (grade 3/4, %) 40 39
Leukopenia (grade 3/4, %) 7 5
Hypertension

Any (%) 5 32
Grade 3 (%) 3 16

Thrombotic events (any, %) 18 18
Deep thrombophlebitis (%) 9 6
Pulmonary embolus (%) 2 3
Arterial thrombotic event (any, %) 5 10
Bleeding (grade 3/4, %) 3 5
Proteinuria

Any (%) 19 38
Grade 3 (%) 0 1

Gastrointestinal perforation (%) 0 2

Reproduced with permission from the American Society of Clinical Oncology.

Table 20.8. Efficacy results from the combined analysis of 5-FU/LV with bevacizumab56

FU/LV/bevacizumab 
FU/LV or IFL (n = 241) (n = 249)

Median duration of survival (months) 14.6 17.9
Median progression-free survival (months) 5.5 8.8
Total objective response (%) 24.5 34.1
Complete response (%) 0.8 2.4
Partial response (%) 23.7 31.7



bevacizumab, at a higher than standard dose of 10 mg/kg every 2 weeks, with
FOLFOX4 in patients with previously treated advanced CRC.50 This phase III
trial accrued 829 patients over 17 months who were randomized to receive either
bevacizumab plus FOLFOX4, FOLFOX4 alone or bevacizumab alone. The
majority of patients had received prior chemotherapy for advanced disease and
a small number of patients had received adjuvant chemotherapy. The primary
objective was overall survival and secondary endpoints included response rate,
progression-free survival and safety. The combination of bevacizumab and
FOLFOX4 was superior to either agent alone in terms of efficacy (Table 20.10).

Median overall survival, the primary endpoint, was increased to 12.9 months
in the combination arm compared with 10.8 months in the FOLFOX4 alone
arm and 10.2 months in the bevacizumab alone arm. Similarly, median progres-
sion-free survival was increased in the combination arm (7.2 months compared
with 4.8 months in the FOLFOX4 alone arm, and 2.7 months in the
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Table 20.9. Safety results from the combined analysis of 5-FU/LV with bevacizumab56

FU/LV or IFL (n = 237) FU/LV/bevacizumab (n = 244)

Any grade 3/4 adverse event (%) 73 81
Adverse event leading to study 8 10

discontinuation (%)
Diarrhea (grade 3/4, %) 34 37
Leukopenia (grade 3/4, %) 19 5
Hypertension

Any (%) 3 16
Grade 3 (%) 3 16

Thrombotic events (any, %) 17 17
Deep thrombophlebitis (%) 6 7
Pulmonary embolus (%) 3 3
Arterial thrombotic event (any, %) 3 5
Bleeding (grade 3/4, %) 2 5
Proteinuria

Any (%) 19 32
Grade 3 (%) 0 1

Gastrointestinal perforation 0 1

Reproduced with permission from the American Society of Clinical Oncology.

Table 20.10. Efficacy results from trial E3200 of FOLFOX with or without bevacizumab in
patients with pretreated metastatic CRC

FOLFOX4/bevacizumab FOLFOX4 Bevacizumab 
(n = 289) (n = 290) (n = 243)

Median overall survival (months) 12.9 10.8 10.2
Median progression-free survival (months) 7.2 4.8 207

(n = 271) (n = 271) (n = 230)

Overall response (%) 21.8 9.2 3.0
Complete response (%) 1.9 0.7 0.0
Partial response (%) 19.9 8.5 3.0
Stable disease (%) 51.7 45.0 29.1



bevacizumab alone arm). Response rate was also improved in the combination
arm, at 21.8% compared with 9.2% for FOLFOX4 alone and 3% for beva-
cizumab alone. The most commonly reported grade 3/4 adverse events were
hypertension, neuropathy, and vomiting, which were all increased in the combi-
nation arm with the exception of hypertension, which was increased in the beva-
cizumab alone treatment arm. Gastrointestinal perforation was infrequent and
occurred only in patients treated with bevacizumab (Table 20.11).

The TREE-2 study is investigating the combination of bevacizumab with
each of three oxaliplatin-based regimens: FOLFOX4, bFOL (a bolus 5-FU-
containing regimen), and XELOX.57 The primary endpoint is the overall inci-
dence of grade 3/4 toxicities during the first 12 weeks of the study; secondary
endpoints include efficacy and comparative safety. Two hundred and twenty
three patients have been enrolled, of whom 213 were eligible for treatment. The
addition of bevacizumab to all oxaliplatin-containing regimens was well toler-
ated and was also found to improve overall response rate (Table 20.12). Overall
and progression-free survival data are awaited with interest.

Thus, available data to date suggest that the addition of bevacizumab to oxali-
platin-based regimens will improve patient outcomes in the first-line setting.
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Table 20.11. Safety results from trial E3200 of FOLFOX with or without bevacizumab in patients
with pretreated metastatic CRC

FOLFOX4/ FOLFOX4 Bevacizumab 
bevacizumab (n = 284) (n = 234)
(n = 287)

Grade 3 Grade 4 Grade 3 Grade 4 Grade 3 Grade 4 P*

Hypertension (%) 5 1 2 <1 7 0 0.018
Bleeding (%) 3 <1 <1 0 2 0 0.011
Neuropathy (%) 16 <1 9 <1 <1 <1 0.016
Vomiting (%) 9 1 3 <1 5 0 0.01
Proteinuria (%) 1 0 0 0 <1 0 0.25
*FOLFOX4/bevacizumab versus FOLFOX4.

Table 20.12. Efficacy and safety in trial TREE 2 of first-line bevacizumab in combination with
oxaliplatin-containing therapy

FOLFOX6 plus bFOL plus XELOX plus 
bevacizumab bevacizumab bevacizumab 
(n = 75) (n = 74) (n = 74)

Response rate (%) 63.4 (46.9) 42.9 (32.0) 56.9 (37.5)

n = 71 n = 70 n = 72

Number progressed (%) 49 (78) 63 (76) 40 (65)
Median time to treatment failure (months) 5.2 (6.4) 5.3 (4.9) 5.4 (4.4)
Adverse events (%)

Gastrointestinal perforation 2.8 4.2 2.8
Wound healing complications 7.0 2.9 8.3
Sepsis 5.6 1.8 0.0
Treatment-related deaths 0.0 4.3 2.8

Numbers in brackets refer to the equivalent result without bevacizumab.



Ongoing phase III trials will provide data to support this, but bevacizumab is
already widely used with oxaliplatin-based regimens in the USA and an obser-
vational study indicates that the combination is well tolerated.58

3.2. Tyrosine Kinase Inhibitors

The majority of the anti-VEGF/VEGF receptor agents in clinical development
are TKIs. Tyrosine kinases are enzymes whose function is to phosphorylate the
amino acid tyrosine, an important event in mediating signal transduction
through cell surface receptors, and which triggers a cascade of intracellular sig-
naling events that can result in uncontrolled cell proliferation. Tyrosine kinase
inhibition represents an attractive therapeutic target as receptor signaling can be
inhibited, preventing downstream signaling. TKIs compete with adenosine
triphosphate for binding to the kinase region. If an inhibitor preferentially binds
to the kinase region, the kinase is unable to initiate protein phosphorylation,
and signaling ceases.

3.2.1. TKIs in clinical development

A number of VEGF receptor TKIs are in development, but the most, well char-
acterized in CRC is PTK-787. PTK-787 (vatalanib) is an oral inhibitor of
VEGF receptors 1, 2, and 3 that is administered once daily and is currently in
phase III trials for CRC. Preliminary phase I studies demonstrated potential
antitumor activity both as a single agent59 and in combination with chemother-
apy60 in patients with liver metastases and glioblastoma multiforme, respectively.
In CRC, PTK-787 has been evaluated in combination with 5-FU/LV plus
irinotecan (FOLFIRI)61 and FOLFOX.62 A phase I/II study of PTK-787 plus
FOLFIRI in 21 patients with metastatic CRC showed that the combination was
well tolerated with moderate activity. Similar trials of PTK-787 with FOLFOX
suggested that the combination was very effective, producing high response rates
and encoraging progression-free survival.

The results of the CONFIRM-1 trial, a randomized, double-blind, placebo-
controlled phase III study that was expected to demonstrate the first-line effi-
cacy of PTK-787 plus FOLFOX, have recently been published63 (Table 20.13).
In this trial, patients with metastatic CRC received first-line chemotherapy with
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Table 20.13. Efficacy results from a trial of first-line FOLFOX4 with or without PTK-787 
(CONFIRM-1)

FOLFOX4 plus FOLFOX4 plus P
PTK-787 (n = 585) placebo (n = 583)

Complete response (%) 3 3 NS
Partial response (%) 39 43 NS
Stable disease (%) 37 33 NS
Progressive disease (%) 16 15 NS
Unknown (%) 6 6 NS

NS = not significant.



FOLFOX4 in combination with PTK-787 or placebo. The results showed a 12%
reduction in the risk of progression in those patients receiving FOLFOX4 plus
PTK-787, but this was not statistically significant by independent radiological
review. However, PTK-787 combination therapy was found to benefit those
patients with high levels of lactate dehydrogenase. PTK-787-associated toxici-
ties include hypertension, thrombosis, and a higher incidence of dizziness; many
patients receiving PTK-787 experienced PTK-associated neurological syndrome
(Table 20.14). Novartis have also recently announced that the CONFIRM-2
trial, which is examining the same therapies but in patients with pretreated
metastatic CRC, is unlikely to reveal any improvement in survival when 
PTK-787 is added to FOLFOX. Until final survival data for both trials are
available, the future of PTK-787 is uncertain.

3.2.2. Combining VEGF inhibitors with chemotherapy: why does it work?

It was originally hypothesized by Teicher (1996)64 that combining antiangio-
genic and cytotoxic theapies should lead to increased benefit to patients as the
antiangiogenic agent would starve the tumor cells of nutrients, leading to death,
and the cytotoxic agent would kill tumor cells directly. This hypothesis is appar-
ently supported by the results of several clinical trials demonstrating that the
addition of anti-VEGF agents to chemotherapy increases survival.48 The rea-
sons for this improvement are not fully understood, but may be explained by the
proposed mode of action for anti-VEGF therapy.

The proposed mode of action of anti-VEGF therapy has two stages. In the
first stage, the vasculature undergoes a process of modification in which the
tumor vasculature is pruned of immature and inefficient blood vessels.65, 66 This
leads to a more efficient or “normalized” vascular network, with improved
blood flow and reduced intratumoral pressure, which would aid the delivery of
chemotherapy, increasing cell kill. Modification of the tumor vasculature
also improves oxygen flow to the tumor. Radiotherapy requires oxygen to be

266 CHAPTER 20

Table 20.14. Safety results from a trial of first-line FOLFOX4 with or without PTK-787 
(CONFIRM-1)

Adverse event (%) FOLFOX4 plus PTK-787 (n = 579) FOLFOX4 plus placebo (n = 574)

Grade 3 Grade 4 Grade 3 Grade 4

Neutropenia 17 14 21 11
Thrombocytopenia 6 <1 4 <1
Diarrhea 15 <1 10 <1
Nausea 9 – 5 –
Vomiting 7 <1 6 <1
Abdominal pain 4 <1 5 <1
Peripheral neuropathy 9 <1 7 <1
Hypertension 21 <1 6 <1
Dizziness 7 <1 2 0
Venous thrombosis 7 <1 4 <1
Pulmonary embolism – 6 – 1



effective. Therefore, inhibiting VEGF reduces areas of tumor hypoxia, leaving
the tumor more susceptible to radiotherapy.67 Tumors in patients with rectal
cancer treated with bevacizumab in combination with chemotherapy and radia-
tion have been shown to have decreased blood flow, tumor density, vascular vol-
ume, and interstitial fluid pressure 2 weeks after a single injection of
bevacizumab.68 Similar reductions in blood flow have also been demonstrated in
patients treated with PTK-787.69

Continuing anti-VEGF therapy is likely to cause direct and rapid changes to the
vasculature by increasing endothelial cell apoptosis.32 This would ultimately lead
to vascular regression and is supported by preclinical and clinical studies. In a
phase I study, a single infusion of anti-VEGF therapy resulted in a 29–59% reduc-
tion in microvascular density.68 Regression of existing vasculature may result in
tumor growth arrest and a reduction in both primary tumors and metastases.70

Another effect of anti-VEGF therapy is the blockade of new vessel forma-
tion. Revascularization is needed to sustain tumor growth and also provides a
route for transport of tumor cells to distant sites where metastases can form.14

Preclinical studies have shown that anti-VEGF therapy inhibits tumor growth71

and reduces the number and size of liver metastases in nude mice.72 Removal of
anti-VEGF therapy results in revascularization, providing the tumor with the
microenvironment required for further growth.73

3.2.3. Future directions for agents targeting the VEGF/VEGF receptor pathway

Clinical trials of agents targeting the VEGF/VEGF receptor pathway in
metastatic CRC have produced contrasting results to date. These trials having
demonstrated that the humanized anti-VEGF monoclonal antibody beva-
cizumab can be combined with the commonly used chemotherapy regimens for
metastatic CRC, with outcomes including progression-free and overall survival
being improved. However, the VEGF receptor TKI PTK-787, while producing
promising data in phase I/II trials in combination with FOLFOX and
FOLFIRI, has failed to demonstrate significant benefit in phase III trials in
combination with first- and second-line FOLFOX. Thus, the future develop-
ment of these two types of agent is likely to be significantly different.

In the case of PTK-787, overall survival data from the CONFIRM-1 and
CONFIRM-2 trials are needed before a definitive conclusion regarding its
potential efficacy in metastatic CRC can be made. However, even positive over-
all survival data could create questions. Grothey et al. have shown that survival
is influenced more by the number of active agents that patients receive during
therapy for metastatic CRC than the order in which these agents are given.74

Therefore, results would have to be reviewed carefully to ensure that no imbal-
ances between the treatment arms of CONFIRM-1 or CONFIRM-2 could have
resulted in survival differences. In addition, if overall survival is improved but
progression-free survival is not, the potential for broad clinical use of PTK-787
has to be questioned when an agent that can improve both outcomes in a clini-
cally significant manner is available.
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If the CONFIRM-1 and CONFIRM-2 trials prove to be negative, which cur-
rently appears to be the most likely outcome, the question is why. Theoretically
VEGF receptor TKIs should be as effective as a VEGF inhibitor because many
of the same pathways are inhibited. The affinity of PTK-787 for the VEGF
receptors and its inhibitory activity for VEGF receptor-mediated signaling are
well defined;75–77 therefore, it appears unlikely that PTK-787 does not inhibit sig-
naling. Other factors that could have affected the efficacy of PTK-787 in these
trials include pharmacokinetics and dosing. The half-life of PTK-787 is 3–6
h;69,78 however, it is administered once daily.69 This creates the possibility that for
periods of the 24-h dosing interval, VEGF receptor tyrosine kinase activity is not
completely inhibited and that VEGF can stimulate intracellular signaling and
angiogenic activity. Allowing tumor angiogenesis to occur would most likely
result in continued tumor growth, which would translate into the failure to see a
benefit from PTK-787 therapy. In this situation, administering PTK-787 twice or
even thrice daily may result in an improvement in outcomes. However, whether
this dose frequency would be acceptable to patients is difficult to assess. An alter-
native explanation could be that the PTK-787 dose administered is not high
enough to effectively inhibit VEGF receptors. PTK-787 has dose-limiting toxici-
ties that drove selection of the dose used in clinical trials.78,79 Furthermore, PTK-
787 has side effects, such as the commonly observed neurotoxicity syndrome, that
could be related to its broad VEGF receptor inhibition or even penetration of the
blood–brain barrier. It is therefore possible that higher doses may be required to
achieve full clinical efficacy. However, this appears to be unlikely based on the
results of phase I/II trials using the same dose as that used in phase III trials,
which suggested that the addition of PTK-787 to chemotherapy had efficacy.
Thus, the future development of PTK-787 will need to be guided by careful con-
sideration of pharmacokinetics, dosing and side effects, and carefully designed
trials will be needed to determine whether altering dosing is likely to affect out-
comes. Whether the failure of the CONFIRM-1 and CONFIRM-2 trials will
affect investigation of other TKIs in CRC also remains to be determined.

The future development of bevacizumab is clearer. With proven efficacy in
combination with 5-FU/LV alone and in combination with irinotecan first line,
and in combination with FOLFOX and cetuximab and irinotecan second line, this
agent has a confirmed place in the treatment of metastatic CRC. The survival ben-
efit when bevacizumab is combined with first-line therapy is greater than that seen
with second-line therapy, which, together with its mechanism of action and the
changing role of VEGF as tumors progress, indicates that it should be used first
line for the treatment of metastatic CRC. An extensive program of ongoing trials
is designed to demonstrate that bevacizumab can be effectively combined with
first-line oxaliplatin-containing and capecitabine- containing regimens, and to
confirm that combinations with FOLFIRI are at least as effective as those with
IFL. These trials should provide data over the next 2 years.

With a mechanism of action that includes inhibition of the formation of new
tumor vasculature as well as regression of existing vasculature, there is also a
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strong rationale to examine bevacizumab in the adjuvant setting, where it could
inhibit the formation of new metastases and the growth of existing micrometas-
tases. Large phase III trials are already underway, with a National Surgical
Adjuvant Breast and Bowel Project (NSABP) trial in the USA and a Roche-
sponsored trial in the rest of the world actively recruiting patients. These trials
will reveal the efficacy of bevacizumab combined with oxaliplatin-containing
regimens, the new gold standard in the adjuvant therapy of CRC. Further phase
III trials are also investigating whether bevacizumab can be effectively combined
with 5-FU-based regimens in this setting. In addition to adjuvant use, smaller
phase II trials are also examining the potential neoadjuvant use of bevacizumab.
This use is affected by the observation that bevacizumab causes wound healing
complications, but appropriate patient management during the use of beva-
cizumab makes neoadjuvant treatment a possibility.

Questions remaining to be answered regarding bevacizumab are whether it
has any role in second-line metastatic CRC and the appropriate dose for use in
this setting. The E3200 trial showed that bevacizumab improves survival when
added to second-line FOLFOX, but a 10 mg/kg dose was used. It is not known
whether this dose is necessary and it appears unlikely that this trial will be
repeated with the standard 5 mg/kg dose because the number of patients enter-
ing second-line therapy trials who have not received bevacizumab will decrease
rapidly. This raises a further question, which is whether bevacizumab will pro-
vide benefit when used after disease progression. The mechanism of action sug-
gests that this may be the case, but the design of trials to demonstrate this needs
to be carefully considered due to the long half-life of bevacizumab and the
potential continued activity of the drug after its withdrawal.

Finally in relation to the future development of bevacizumab, its potential in
other tumors cannot be ignored. Survival benefit has already been demonstrated
in metastatic non-small cell lung and breast cancer, as has improved time to pro-
gression in renal cell cancer.80–82 Phase III trials are ongoing in these indications
as well as pancreatic cancer, and are planned in ovarian cancer. In addition,
phase II trials are ongoing or have already reported promising data in cancers
as diverse as hematological malignancies, prostate cancer, and melanoma.83–85

Thus, bevacizumab has the potential to be a true pan-tumor therapy.

4. CONCLUSIONS

A wealth of evidence exists to support the use of antiangiogenic agents for the
treatment of solid tumors. The humanized anti-VEGF monoclonal antibody
bevacizumab has demonstrated a survival benefit in combination with standard
chemotherapies in patients with metastatic CRC and studies are underway to
evaluate this agent in other solid tumors. Antiangiogenic agents are generally well
tolerated, although specific adverse events have been observed, including an
increased risk of hypertension, proteinuria, and minor bleeding. TKIs targeted
against VEGF receptors represent a second antiangiogenic strategy and several
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agents are currently undergoing clinical evaluation in CRC. Whether these prove
to be as effective as bevacizumab and how best to use them remains to be defined.
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CHAPTER 21

MOLECULAR IMAGING OF CANCER USING PET
AND SPECT

ANDREAS KJÆR

Department of Clinical Physiology, Nuclear Medicine and PET, Rigshospitalet and Cluster for
molecular imaging, Faculty of Health Sciences, University of Copenhagen, Denmark

Abstract: Molecular imaging allows for the study of molecular and cellular events in the living
intact organism. The nuclear medicine methodologies of positron emission
tomography (PET) and single photon emission computer tomography (SPECT)
posses several advantages, which make them particularly suited for molecular imaging
of cancer. Especially the possibility of a quick transfer of methods developed in
animals to patients (translational research) is an important strength. This article will
briefly discuss the newest applications and their importance and perspective in
relation to the shift in paradigm in medicine towards more individualized treatment.

1. INTRODUCTION

Molecular imaging allows for noninvasive in vivo studies of physiological and
pathophysiological processes at the cellular and molecular levels. Molecular
imaging may be achieved using nuclear medicine techniques, optical imaging as
well as magnetic resonance imaging. However, several circumstances favor the
use of nuclear medicine techniques for molecular imaging. Below the current
status and future perspectives regarding the use of nuclear medicine imaging
modalities for molecular imaging of cancer will be reviewed.

2. PET AND SPECT

Imaging with nuclear medicine techniques are divided into those using positron
emitters and those using gamma emitters.

Currently used positron emitters are 11C, 15O, 13N, and 124I. These radio-
nuclides may be coupled to biomolecules and their destiny and distribution imaged
with a PET scanner. When a positron is emitted it will almost immediately be
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neutralized by an electron (annihilated) and two photons will be emitted travel-
ing in opposite direction (180°). Actually it is these two simultaneously emitted
photons that are detected by a PET scanner (coincidence detection). It is not
possible to discriminate between different positron emitters since the energy of
the radiation is always the same (511 KeV). The most commonly used isotopes
have half-lives in the range of few minutes to hours, which often demands that
they are produced locally, making access to a cyclotron necessary.

Commonly used gamma-emitting isotopes suited for imaging are 99mTc, 111In
og, and 123I. These isotopes may also be coupled to biomolecules allowing for
imaging of their distribution using a gamma camera. When three-dimensional
images are obtained using tomographic technique it is referred to as SPECT.
Different isotopes emit gamma radiation of different energies allowing for dis-
crimination. Thus, it is possible to label different biomolecules with different
isotopes and simultaneously image the distribution of each of them. The most
used gamma emitters for imaging have half-lives in the range of hours to days.
They are either generator produced locally or delivered by external vendors
(Figure 21.1).

In theory, all biomolecules may be labeled with radioactive isotopes suited for
imaging. Thus the typical workflow in development of new tracers will be: (1)
identification of process of pathophysiological relevance; (2) identification of
relevant biomolecules; and (3) radioactive labeling of molecule. The amount of
biomolecule that has to be labeled is very small and accordingly there is no real
risk of side effects of the biomolecule.

3. THE ROLE OF MOLECULAR IMAGING IN CHANGING THE
PARADIGM OF MEDICINE

The change of medicine in direction of individualized, tailored therapy has led
to an increasing need for diagnosing at the molecular level. Several currently
used molecular biology methods are limited by the need for tissue samples, i.e.,

Figure 21.1. PET/CT and SPECT/CT scanners at the Department of Clinical Physiology, Nuclear
Medicine and PET, Rigshospitalet, Copenhagen, Denmark.



invasive procedures. In contrast, molecular imaging allows for noninvasive use
in living, intact animals and humans. At present, molecular imaging may be
used for demonstration of a variety of processes, e.g., metabolism, apoptosis,
cellular trafficking, receptor expression, and gene expression. Examples of some
currently used tracers for molecular imaging in cancer are shown in Table 21.1.

4. GLYCOLYTIC ACTIVITY

The major nuclear medicine imaging agent for cancer still is 18F-fluorode-
oxyglucose (FDG) for PET. FDG, which is a glucose analogue, is taken up
mainly by GLUT-1, which is upregulated in cancer cells. Once taken up by the
cells FDG is phosphorylated into FDG-6-phosphate, but does not undergo gly-
colysis and accumulates in the cells. The value of FDG-PET in several cancer
forms has been extensively documented [1].

5. RECEPTOR IMAGING

Overexpression of certain receptors on tumors may be used as imaging targets. An
example of such imaging strategy is the noninvasive imaging of estrogen receptor
status in breast cancer using 18F-fluoroestradiol and PET [2]. This has been used to
predict outcome of tamoxifen treatment. Neuroendocrine tumors are imaged on
a routine basis using the somatostatin receptor ligand 111In-pentreotide and
SPECT [3] (Figure 21.2). Also more generally expressed surface characteristics
common for different cancer types may be targeted. Finally, in the future also non-
invasive imaging of endogenous gene expression may be used for imaging of cancer.

6. CELL PROLIFERATION

Tumor cell proliferation may be used to grade tumors. However, in most cases
limited value is added compared with traditional FDG-PET based on glycolytic
activity. However, in selected tumors imaging of cell proliferation may add
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Table 21.1. Some currently used PET or SPECT tracers for cancer

Radiotracer PET/SPECT Process visualized Use (example)

[18F]FDG PET Glycolytic activity Several cancer forms
[11C]Cholin PET Membrane synthesis Prostate cancer
[18F]FLT PET DNA synthesis/

cell proliferation Response to therapy, grading
[11C]methionin PET Amino acid transport Certain cancer forms
[XCu]ATSM PET Hypoxia Radiation planning
[18F]fluoroestradiol PET Estrogen receptors Breast cancer
[111In]Octreotid SPECT Somatostatin receptors Neuroendocrine tumors
[18F]galacto-RDG PET Angiogenesis Before antiangiogenesis therapy
[99mTc]Annexin V SPECT Apoptosis Radiation planning

FDG: Fluorodeoxyglucose; FLT: Fluorodeoxythymidine; ATSM:
Diacetylmethylthiosemicarbazon; XCu: several Cu isotopes, e.g., 64Cu.



valuable information. More interesting might be that cell proliferation is a sen-
sitive marker of response to therapy. Currently 18F-fluorothymidine (18F-FLT) is
the most promising PET tracer for imaging of tumor cell proliferation [4].
Amino acid radioligands are indirect indicators of tumor cell proliferation since
they reflect protein synthesis. For PET, especially 11C-methionine (11C-MET)
has been used with some success in selected tumors.

7. HYPOXIA

Imaging of hypoxia is of great relevance in oncology since hypoxia is known
to lead to radioresistance. Accordingly, imaging of hypoxia may influence
treatment plans. Several compounds have been used for imaging of hypoxia,
e.g., 18F-FMISO, 18F-FETA, 18F-FAZA, and Cu-ATSM (several Cu-isotopes).
In general 18F-FMISO has been somewhat disappointing whereas 18F-FETA,
18F-FAZA, and Cu-ATSM may be more promising [5–7]. The compounds vary
with respect to uptake and clearance and the final choice may depend on the
specific tumors studied.

8. ANGIOGENESIS

Since angiogenesis is an important part of tumor progression and metastasiz-
ing, angiogenesis imaging would be of great value in oncology. Furthermore,
several antiangiogenesis drugs are currently under evaluation for cancer
treatment [8]. Imaging of angiogenesis could therefore potentially allow for
selection and prediction of tumors suited for antiangiogenesis treatment as well
as for therapy monitoring. Two major approaches are currently under investi-
gation. Firstly ligands for αvβ3 integrins that are expressed in activated
endothelial cells and are specific for angiogenesis, e.g., 18F-galacto-RDG [9].
Secondly, MMP inhibitors.
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Figure 21.2. Scintigraphy of neuroendocrine tumor (VIPoma) in the liver using 111In-octreotide
scintigraphy. Scintigraphy has been image-fused with CT.



9. APOPTOSIS

Apoptosis has been suggested as a marker for cellular radio sensitivity and as a
prognostic marker. Accordingly, rapid increase in apoptosis following radiation
could indicate a favorable response. Specific markers for apoptosis are available
for radionuclide imaging with both PET and SPECT. So far, the most used com-
pound has been Annexin V labeled with 99mTc for SPECT [10], but also PET
imaging has been achieved with either 124I or 18F labeling.

10. MONITORING OF GENE THERAPY

The use of gene therapy has led to a need for monitoring the effectiveness of
gene expression. By use of a reporter gene that is controlled by the same pro-
moter as the therapeutic gene the two genes are expressed simultaneously.
Accordingly, expression of the reporter gene indicates that the therapeutic gene
is also expressed. An example of a reporter gene is the one coding for herpes
simplex virus type 1 thymidine kinase (HSV1-tk) [11]. In order to visualize
where HSV1-tk is expressed a reporter probe is used. In the case of HSV1-tk the
reporter probe is a radioactively labeled compound that easily passes the cell
membrane and is phosphorylated by HSV1-tk where after it cannot leave
the cell (Figure 21.3). In this way, radioactivity is accumulated in cells where
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Figure 21.3. Imaging of gene expression using the reporter gene technique. The reporter gene
encodes for herpes simplex virus 1 thymidine kinase (HSV1-tk). For further details, please see
text.



HSV1-tk and thereby also the therapeutic gene are expressed. The imaging may
be repeated by new administration of the reporter probe [12].

Another promising reporter gene for use with PET and SPECT is the gene
encoding the sodium–iodine symporter (NIS) [13]. Expression of this gene leads
to uptake of iodine, and the reporter probe in this case is simply iodine.
Radioactive iodine for imaging is available both for PET (e.g., 124I) and SPECT
(e.g., 123I).

11. RADIONUCLIDE THERAPY

When a tumor has been imaged using a specific ligand, this may be used as basis
for localized radionuclide therapy. The ligand, that was labeled for imaging pur-
poses may instead be labeled with α- or β-emitters whereby the tumor and
metastases may be irradiated locally with a minimum of radiation to the non-
cancer tissue (Figure 21.4). This principle is already in use for selected types of
cancer, e.g., neuroendocrine tumors: imaging based on somatostatin receptor
overexpression is obtained with 111In-Octreotidscintigrafi and therapy is based
on somatostatin receptor analogues labeled with 90Y and/or 177Lu that are 
β-emitters [14]. α- or β-emitters may also be coupled to monoclonal antibodies
for tumor treatment, e.g., in the treatment of ovarian cancer (211At) [15] or
certain types of lymphoma (131I) [16].
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with different radioactive isotopes suited for imaging and treatment, respectively. For further details,
please see text.



12. INTENSITY-MODULATED RADIATION THERAPY

Intensity-modulated radiation therapy (IMRT) is used for optimizing the radia-
tion dose delivered to the different regions of a tumor. For this purpose, molec-
ular profiling using molecular imaging will become increasingly important.
Whereas the information considering FDG uptake already is routinely inte-
grated in IMRT planning for certain tumor types, integration of further infor-
mation from molecular imaging like hypoxia will refine this technique further.

13. IMAGE FUSION

Today most molecular imaging of cancer using PET and SPECT is image fused
with anatomical information from CT or MRI.

14. CONCLUSION

Molecular imaging allows for the noninvasive study of pathophysiological
processes in humans and animals. With availability of these techniques the
advances for molecular biology may be used for early diagnosis and better char-
acterization of cancer, which allows for more tailored and individualized treat-
ment. Among techniques for molecular imaging PET and SPECT have the biggest
translational potential, since techniques developed in animal models easily are
transferred to humans. In order to exploit fully the potential of these techniques
it is important to have access to both animal and clinical imaging facilities.
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CHAPTER 22

MRS AS ENDOGENOUS MOLECULAR IMAGING
FOR BRAIN AND PROSTATE TUMORS: FP6 PROJECT
“eTUMOR”
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Abstract: Molecular imaging has become during the last years in an important tool for supporting
cancer diagnosis and prognosis. PET and SPECT are the most common molecular
imaging techniques, although very promising and specific biological molecular agent
contrast for CT and MRI are being recently developed. However, the above imaging
techniques require exogenous contrast agents and usually a sole molecular image can be
obtained at once. On the contrary, in vivo magnetic resonance spectroscopy (MRS), in
particular 1H MRS can simultaneously provide several molecular images using
endogenous metabolites. In addition to biochemical spatial information from molecular
imaging spectroscopy, MRS can also provide average metabolite profile of the selected
affected tissue region. Initially MRS, especially 1H MRS, was extensively applied to
complete and improve the diagnosis and prognosis of central nervous system (CNS)
pathologies, in particular brain tumors. However, during the last years the MRS
applications have been extent to the diagnosis of different very common cancer types
such as breast, prostate, colon carcinoma, and ovarian, among others. Likewise, MRS
has been also used for lymph node assessment. In this contribution, the added value of
MRS for the diagnosis, prognosis, and treatment selection of two different, important
types of cancer: (1) brain tumors and (2) prostate, will be presented and discussed. Brain
tumors are the leading cause of death in children under 15, and although in adults,
brain cancers are proportionately less common than other cancers, it is a devastating
disease with high mortality. There is a great need to increase our understanding of brain
tumor biology to improve diagnosis and to develop new treatments. 1H MRS is
currently the only noninvasive method that can be used to investigate molecular profile
of brain tumors and also provide molecular images, more than six in one acquisition, of
the distribution of chemicals in a tumor, which are also generally heterogeneous. A
summary of the applications of 1H MRS to the in vivo diagnosis and prognosis of brain
tumors will be presented. In addition, examples of metabolite limits, infiltration and
high cellularity location for neurosurgery applications by MRS molecular images will be
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shown. Likewise, new ex vivo methods of studying the detailed biochemistry of tumor
biopsies as metabolomic (high resolution magic angle spinning [HR-MAS]) and
transcriptomic (DNA microarrays) will be discussed as complementary to in vivo MRS
(FP6 European project eTUMOR). A preliminary comparison between molecular
images from PET and 1H MRS will be also presented. Finally, the application of 1H
MRS to the improvement of prostate diagnosis and prognosis, the second leading cause
of cancer death, will also discussed, with particular attention to the location cancer
contribution from MRS molecular images.

1. INTRODUCTION OF MRS AS A MOLECULAR IMAGING 
FOR CHARACTERIZATION OF BRAIN TUMORS AND 
PROSTATE CANCER

The lifespan of the European population is increasing and accordingly, diseases
that become prevalent in adult and old age, such as brain tumors and prostate
cancer, will afflict a larger percentage of this population.

Brain tumors do not have a lifestyle-associated aetiology; hence prevention is
not yet possible. Likewise, in children over 1 year of age, brain tumors are the
most common solid malignancies that cause death from disease. The current
gold standard classification of a brain tumor by histopathological analysis of
biopsy is an invasive surgical procedure and incurs a risk of 1–2% morbidity, in
addition to healthcare costs and stress to patients. For tumors that evolve slowly
in malignancy (e.g., pilocytic astrocytoma in children) repeated biopsies might
not be advisable or practical. There is a need to improve brain tumor classifica-
tion, and to provide noninvasive methods for brain tumor diagnosis, prognosis,
to aid patient management and treatment. Diagnosis by magnetic resonance
imaging (MRI) is noninvasive, but only achieves 60–90% accuracy depending on
the tumor type and grade, hence can only replace biopsy for particular cases.
MRS provides a noninvasive method to obtain a profile of the biochemical
constituents of the tumor improving the accuracy of diagnosis in some signifi-
cant instances [1–3]. There are a large number of different tumor types and
grades, and usually the most malignant are heterogeneous. Thus, to develop
automated classification methods that are comprehensive, data from several
hospitals must be combined to fully characterize the variability of tumor spec-
tra. Furthermore, the robustness of the classification method must then be val-
idated in a real clinical setting. In addition, the possibility of phenotyping
tumors with DNA microarrays may reveal new subtypes of tumors on molecu-
lar grounds. Moreover, the extensive and more precise metabolic analysis of
tumors by MRS at high fields (>11 T) in nonmanipulated tissues (ex vivo) can
allow a better understanding of the tumor biochemistry and may also refine the
classification of brain tumors. Finally, it is important to look for correlations of
patient survival with MRS characteristics, to assess whether there are better
prognostic indicators than the current grading system. However, MRS spectra
are complex and require skilled interpretation, hence clinical routine use of
MRS is still low. The aim of eTUMOR project [4] is to coordinate European



scientific expertise in MRS and genetic analysis to improve tumor classification
and provide health care professionals with a validated decision support system
(DSS) for noninvasive diagnosis of brain tumors, and the monitoring of tumor
progression, and response to future new therapies.

On the other hand, prostate cancer is the second leading cause of cancer
death in man and now represents the 15% of all cancers in developed countries.
However, standard clinical test diagnosis as prostate-specific antigen (PSA) test,
biopsy Gleason score, and digital rectal examinations are not accurate enough.
Likewise, transrectal ultrasound using 2D or 3D techniques has poor sensitivity
and specificity for disease detection. The specificity remains low when T2-w
MRI is used. On the contrary, 1H MRS and different techniques of DCE-MRI
and diffusion are increasing the specificity and sensitivity for detecting, localiz-
ing and grading prostate cancer. Similarly to brain tumors, a multicenter study
(International Multicenter Assessment of Prostate MR Spectroscopy, IMAPS)
is being developed for prostate cancer [5]. Its main objective is to prove that 1H
MRS can detect and localize prostate carcinoma in the two major areas of
prostate: (1) peripheral zone and (2) central gland.

MRS can be performed along with conventional MRI to provide metabolite
profiles of a single voxel (SV) of tumor tissue in less than 5 min (Figure 22.1) or
to produce several molecular images of different tumor metabolites (Figure
22.2) in ca. 10 min using multivoxel (MV) techniques, MRSI.

As well as characterizing the tumor type and grade, molecular images may
provide spatial information on tumor boundaries and infiltration, and distin-
guish necrosis and active tumor within the lesion.

MRSI can provide, as it can be seen in Figure 22.2 [3,6], several different
molecular images from endogenous metabolites with distinct biochemical and
physiological significance.

2. BRAIN TUMORS

The prevalence of brain tumors is reduced with respect to other cancer types, as
for instance prostate, breast, and colon. However, primary brain tumors are
among the most lethal of all cancers. In fact, brain tumors are the leading cause
of death from cancer in children under 15 and the second leading cause of death
from 15–34. In addition, a lack of responsiveness to current therapy is often
detected in this type of cancer. Therefore, the selection of individual treatment
is still a challenge. On the other hand, brain tumors prevention is yet not possi-
ble because there is not a direct lifestyle associated. The current “gold standard”
for brain tumor diagnosis is histopathologic assessment. Unfortunately,
histopathology has some limitations: (1) it is invasive and carries risks (3%
mortality); (2) their prognosis capacity is limited by the fact of repeated biopsies;
(3) it can not be properly used for therapy selection; and (4) it is not useful for
differentiation between different treatments.

Therefore, there is a great need to increase our understanding of brain tumor
biology to improve diagnosis and to develop new treatments. During the last
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Figure 22.1. Metabolite profiles example of SV for: (A) left: brain tumour high-grade glioma: (i)
top: tissue not affected; (ii) down: tumour tissue; (B) right: prostate tissue.
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years it has become evident that there is a direct correlation between biochemi-
cal modifications in tumor tissues and histological modifications, as cellular
proliferation, death, and density [7]. 1H MRS is currently the only noninvasive
method that can be used to investigate the molecular profile of brain tumors
and also provide molecular images of the distribution of chemicals in a tumor,
which are also generally heterogeneous. New methods of studying the detailed
biochemistry of tumor biopsies are 1H HR-MAS and DNA microarrays.

In this section the applications of different techniques (molecular imaging by
MRS, ex vivo metabolomic, and ex vivo transcriptomic) for localizing, diagnos-
tic, grade, tumor border definition, prognostic, and follow-up of brain tumors
will be summarized.



2.1. Neurochemistry and in vivo metabolic diagnosis

The number of metabolites detectable by in vivo 1H MRS at clinical MRI equip-
ments (1.5 and 3 T) is mainly limited by two factors: (1) concentration in the
selected volume, higher than 0.5 mM and (2) molecular correlation mobility
directly related to T2 (transversal relaxation time). Hence, some interesting neu-
rometabolites cannot be properly detected by the current MR technology, as for
instance Dopamine by its low concentration. However, there are a large number
of metabolites directly related with important anatomical and functional brain
features. A summary of relevant metabolites detectable by 1H MRS are gathered
in Table 22.1.

Noteworthy, an excellent correlation between anatomic histopathological and
metabolism alterations, detected by biochemical profiles (SV) and molecular
images (MRSI) from 1H MRS, in tumor tissues has been found [7]. As example, a
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Figure 22.2. Top: example of five molecular images from MV for a GBM; Bottom: citrate image of
prostate tissue together with six metabolite profiles from the selected volume.
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Table 22.1. Summary of brain metabolites observed by 1H MRS

CNS Neuro-metabolites

NAA → neuronal marker. Localized in neurons and axons. Its disappearance is 
considered as neuronal dead and axonal damage.

Cho → membrane turnover marker. Cho intensity changes are related to PCho and 
GPCho variations. Phosphatidilcholine no detectable by MRS when is in myelin,
in membranes...

Cr → energetic metabolism indicator. Cr + PCr is observed, approximately constant 
by: H+ + PCr + ADP+ ⇔ Cr + ATP+

Lac → final product of the glycolisis. Product of fail on oxidative mechanism. Lac 
is intra and extra-cellular. No detectable in healthy tissue.

Mio-Inositol → Localized almost exclusively in astrocits, playing an osmolite role,
regulating cellular volume.

Lipids and polypeptides → Localized in myelin sheats and cellular and 
intracellular membranes. Detectable in MRS when are liberated from these 
structures.

Table 22.2. Metabolism by MRS vs. histopathology

Metabolism (MRS) vs. Histopathology
*Metabolic changes → Precede cellular transformations Histologically 

detectables
● [NAA] ↓ ⇔ Neuronal Destruction ↑
● [Cho] ↑ ⇔ Cellular Proliferation ↑

[PCho]/[Cho] ↑ (not resolved In Vivo) ⇔ Aggressiveness ↑
● [Macromolecules] ↑

(movil lipids, fatty acids & aminoacids) ⇔ Necrosis ↑
● [mI] ↓ ⇔ Aggressiveness↑

mI=mionositol in astrocits controls:
brain hydrate equilibrium+protein C 
Kinasa activation proteolitic enzymes 
in malignant tumours

[mI] ↑ (regulation fail in mI production) ⇔ Low grade Tumours ↑

summary of the correlation among the alterations in the concentration of different
metabolites and distinct physiological modifications is enclosed in Table 22.2.

In addition to the common metabolites used for brain tumor classification
and grade gathered in Table 22.1 and Table 22.2 there are other small biochem-
ical compounds that can be used as biomarkers for increasing the sensitivity and
specificity of 1H MRS in brain diagnostic. Alanine (Ala), one of the simplest
amino acids, is usually considered as a specific biomarker for benign or grade 



I meningiomas [8]. Likewise, Taurine (Tau) has been proposed as a particular
biomarker to differentiate medulloblastomas from all other pediatric tumors [9].

2.2. Brain tumor detection and location

Precise tumor detection and location is critical for a proper diagnosis, prognosis
and treatment selection. This fact is particularly important for brain tumors, for
which the therapy selection can largely depend on the specific location of the
most active part of the tumor.

During the last years it is becoming evident that MRSI has a larger number
of advantages vs. SV methodology as:
(a) MRSI provides spatial information: more accurate spatial metabolite alter-

ation distribution (better location of tumor affected regions not properly
detected by MRI and SV) useful for biopsy retrieval guide and SV proper
location

(b) MRSI can also determine infiltration process (primary vs. secondary tumor)
(c) MRSI enables tumor border definition (treatment selection and guide as

radiotherapy or local chemotherapy)
(d) MRSI and SV allow evaluation of tumor progression (recurrence vs. radia-

tion injury)
Choline compounds are directly related to cellular proliferation, dead and

density [7] and therefore Cho MRSI images can provide spatial information
about the more active and aggressive part of a brain tumor. This information is
complementary to the standard imaging techniques as dynamic contrast
enhancement, commonly used in clinical routine. An example of molecular Cho
image for the detection and location of the most active part of the brain tumor
is given in Figure 22.3. This information can be very useful for a more precise
detection, location and different region definition of brain tumor.

2.3. Brain tumor classification and grade

Nevertheless, SV is still being a standard technique in many hospitals and can
provide a better spectra resolution because of the higher field homogeneity
achieved in a localized tissue region. There are two critical factors for an ade-
quate and accurate diagnostic by SV MRS:
● SV location (i.e., avoiding necrotic and edema areas)
● parameters selection (mainly TR and TE)

For those brain tumors in which the contrast enhancement is low (gliomas
grade II and III) or with a large heterogeneity (GBM) the accuracy of the diag-
nosis by SV strongly depends on adequate SV position on the most aggressive
region of the tumor avoiding necrotic areas.

This methodology for SV location by MRSI combined with the acquisition of
2 TE (31 and 136 ms) has allowed a statistical classification of glial tumors
(grade II, III, and IV) [1,3]. The combined used of short and long TE improves
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the accuracy of brain tumors diagnosis (90–94%) as it has also being described
in and previously reported [1,3]. Accurate diagnosis of tumors, in general and in
brain ones, in particular, is crucial for a better management, treatment selection,
and therapy response. As example, particularly important is the precise diag-
nostic of grades II and III gliomas, one of most common type of brain tumors,
for the best treatment selection. In addition, both tumors may appear as nonen-
hancing or minimally enhancing lesions on T1-weighted MRI, hence their
detection and location is difficult. The combination of MRSI images for an ade-
quate location of more aggressive tumor regions and metabolic profiles from SV
at two TE (31 and 136 ms) can allow a statistical differentiation among gliomas
of grade II, III, and IV. As an example, the separation of grade II, III, and IV
gliomas by two particular biomarkers (MMA and MMB) is shown in Figure
22.3E. Noteworthy, statistical significant differences among gliomas of grade II,
III, and IV have been found for an extensive set of biomarkers as MMA/Cr,
MMB/Cr, NAA/Cr, Cho/Cr, NAA/Cho, Cr/H2O, mI/ H2O, and MMA/ H2O.

Probably one of the most interesting questions in brain tumor diagnosis is the
differentiation between primary and secondary (metastases) lesions. Again, the
metabolic spatial information provided by MRSI can be very useful for a proper
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Figure 22.3. MRI anatomical and MRS molecular images for a glioma of grade II: (A) and (C)
axial and coronal images after contrast enhancement. (B) Cho molecular image. (D) Clustering of
gliomas of grade II, III, and IV classified by SV at two different TE (short 31 and long 136 ms echo
times) previous volume interest selection by Cho image from MRSI.
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differentiated diagnosis between high-grade gliomas, particularly GBM, and
metastases. GBM are heterogeneous and infiltrating tumors.

Therefore, in principle, metabolic alteration can be detected in regions outside
of the central core of the tumor, although not evident anatomical modifications
can be observed. However, in metastases lesions infiltration is not expected, with
the biochemical modifications localized just inside of the lesion. Examples of
MRSI application for the molecular imaging differential diagnosis between
GBM and metastases are enclosed in Figure 22.4. In the metastases lesion
(Figure 22.4A), there is not evidence of infiltration either by anatomical images
or from metabolic information by MRSI spectra, because Cho increment is not
observed in the adjacent regions to the lesion. However, in the example of a
GBM (Figure 22.4B), a clear increase of Cho concentration respect to normal

Figure 22.4. MRSI molecular images for differentiation between GBM and metastases lesions. (A)
MRSI lipid image for a metastases lesion superimposed to T2 MRI image; not Cho concentration
increment observed in the contiguous regions to lesion. (B) MRSI Cho image for a GBM, Cho con-
centration increase detected in infiltrated areas close to the tumor lesion.



tissue can be detected in regions contiguous to the tumor indicating an infiltra-
tion process related to aggressive gliomas.

2.4. MRSI molecular imaging for treatment planning

Biochemical spatial information enclosed in MRSI metabolic images can be
very useful for treatment planning, as neurosurgery, chemotherapy, and radi-
ation. In fact, currently, the standard approach to define radiation target vol-
ume for brain glioma treatment is to deliver a uniform dose to areas of
imaging abnormalities determined by MRI images (FLAIR, postcontrast T1-
weighted) or CT scans, with an additional uniform margin of 1.5–2 cm. This
often causes the target volume to either cover too much noninvolved brain tis-
sue or leave small areas of tumor infiltration untreated. Thus, it is critical that
tumor heterogeneity and margins identified for different dose delivery are
defined accurately. MRSI, contrarily to MRI, can provide better delineation
of tumor heterogeneity, such as regions of higher grade elements in low grade
tumor and region of microscopic disease, thus allowing more accurate pre-
scription of radiation dose painting to treat gliomas more effectively while
preserving nonaffected brain tissue [10]. In Figure 22.5 enclosed is an example
of metabolic distribution by nosologic images from MRSI spectra biochemi-
cal spatial data.
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Figure 22.5. Nosological images from MRSI biochemical spatial information. (A) Nosological
image of GBM with delineation of tumor tissue, necrotic areas, and region of metabolic infiltration.
(B) MRSI spectra with the spatial metabolic distribution used for generating the nosological image.



2.5. Discrimination between recurrence and radionecrosis in brain tumors by
MRSI spatial molecular information

Radiotherapy is a paramount therapeutic adjunct for patients with brain tumor.
After radiation treatment, a considerable number of patients develop new lesions
at or near the original tumor site. These lesions can be treatment-induced damage,
tumor recurrence, or progressive tumor growth. The radiological differentiation of
treatment effects from recurrent tumor is very difficult. Molecular information
through the metabolic spatial distribution provided by MRSI images can be used
for the diagnosis of radiation-induced injury respect to recurrence. Again, the Cho
is a critical biomarker to distinguish areas of high cellularity, tumor recurrence,
respect to necrotic regions, with large concentration of lactate and/or macromol-
ecules/lipids, in radionecrosis. This is clearly illustrated in Figure 22.6 in which an
example of recurrence and radiation-induced injury are shown.

An increase of Cho concentration indicating a high cellularity level and then
tumor activity should be observed in those cases of recurrence. In the Figure
22.6A a clear decrease of NAA and slight increase of Cho concentrations indi-
cating a neuronal/axonal damage together with cellular activity is detected. The
clinical diagnosis was tumor recurrence. On the other hand, not NAA decrease
and Cho increase concentrations are observed in the example of radionecrosis
(Figure 22.6B).

2.6. 18FDG PET and MRSI molecular imaging comparison for brain tumor
location and classification

PET is an important molecular imaging technique for cancer detection and
location that uses radioactive exogenous molecules. Similarly, the late develop-
ment of MRI for whole body can also be used for screening the possible spread
of cancer in one session using endogenous molecules. Both techniques are com-
plementary and should be used individually or combined depending on the dif-
ficulty of diagnosis. However, there are few examples of combined use of PET
and MRSI showing the potential applicability and limitations of each method-
ology in cancer diagnosis. In Figure 22.7 there are enclosed two combined stud-
ies of 18FDG PET and MRSI for the diagnosis of brain lesions.

In both cases an excellent correlation between 18FDG PET and MRSI molecu-
lar information was reached. Likewise, the diagnosis of both molecular techniques
agreed with histopathology results. Particularly interesting is also the good spatial
correlation between 18FDG PET and MRSI as can be verified in Figure 22.7. A
clear decrease in metabolic intensity in 18FDG PET image is also observed almost
in the same location that a high concentration of lipids and N-acetylated com-
pounds is found in MRSI spectra for the cystic metastases of Figure 22.7 (left
part). Contrarily, a high metabolic activity is detected in the 18FDG PET image of
the GBM of Figure 22.7 (right part) with a simultaneous increase of Cho and
decrease of NAA concentrations in MRSI biochemical spectra.
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2.7. Ex vivo metabolomics (HR-MAS)

One of the most critical limitations of MRS, either SV or MV, is the reduced
spectral resolution (Figures 22.1 and 22.2) mainly due to distribution of mag-
netic susceptibilities in human tissue and, to a lesser extent, from residual dipo-
lar couplings [11]. This limitation in part can be overcome by using high NMR
field as 3 T. Nevertheless, during the last years it has been shown the possibility
of acquiring high resolution NMR spectra (>7 T) in different intact type of tis-
sues, which can be considered as ex vivo metabolomics [12], and their direct util-
ity for increasing the specificity and sensitivity of different types of cancer
[12,13]. The resolution of tissue spectra can be increased by combining tech-
niques of high resolution NMR for liquids with solid state NMR, as using
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Figure 22.6. Examples of MRSI molecular images application for the differentiation between tumor
recurrence and radionecrosis. (A) Overlay of transverse MRSI spectra and T2 image. In the image
expansion can clearly be observed an increase of Cho concentration. (B) Sagittal MRSI molecular
Cho image of radiation-induced injury.



magic angle together with high spin rotation of the sample (HR-MAS) [12]. Ex
vivo HR-MAS spectra of brain, prostate, and breast tissues have allowed the
identification of a great number of metabolites [11–13]. In principle, this large
number of metabolites assigned at high resolution can be used for a more
detailed differentiation among distinct types of brain tumors or even to distin-
guish between different possible tumor subtypes, as between GBM primary and
secondary [11]. Examples of HR-MAS spectra are enclosed in Figure 22.8.
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Figure 22.7. Molecular imaging comparison of MRSI vs. PET for brain tumors. Left part cystic
metastases: (A) MRSI spectra superimposed to T2 image, enclosed are two expansions: normal tis-
sue (left) and cystic spectrum (right); (B) PET image with a clear absence of metabolism activity in
the cystic area. Right part GBM: (A) MRSI spectra superimposed to T2 image; (B) zoom of the
tumor and contralateral regions. 1, 2, 3, and 4 voxels corresponding to the highest Cho concentra-
tion in high cellularity areas; voxels 5, 6, and 7 correspond to infiltration regions. (C) PET image,
high metabolism region in good agreement with high Cho concentration area in MRSI (B).

Figure 22.8. High NMR resolution spectra of brain tumor tissue. (A) Comparison between per-
chloric acid extracts (PCA) of brain tumor tissues with ex vivo tissue (HR-MAS). (B) HR-MAS ex
vivo spectra of normal tissue (top); primary GBM (middle) and secondary GBM (bottom).



The resolution of ex vivo HR-MAS spectra (Figure 22.8A) is comparable
with the one obtained from PCA extracts, but without the limitations of repro-
ducibility of PCA methodology and also containing all metabolite information,
including nonsoluble water compounds, as lipids and fatty acids, critical for a
better brain tumor differentiation and avoiding the chemical pretreatment [11].
This large resolution enables the assignment of almost 130 resonances and the
identification of more than 30 metabolites [11].

2.8. Location, classification and grade of brain tumors by in vivo MRSI,
ex vivo metabolomics and transcriptomic: eTUMOR FP6 IP project

The recent developed technique of DNA microarray analysis can now provide a
detailed genomic profile of tumor tissue. Genes that are associated with cellular
proliferation, cellular mobility, and migration, are highly expressed in tumors,
and particularly so in high-grade gliomas [14–16]. Differences in gene expression
between grades of glioma [14–16] have been observed, and also between tumor
types that are not easily distinguished by morphological appearance alone [17],
and with prognosis [18]. Thus, gene profiling has potential to be an alternative
to current histopathology and may provide subtler tumor classification and
determination of an individual patient prognosis with respect to treatment [15].

Therefore, the combined use of in vivo and ex vivo MRS metabolic data with
phenotype information from DNA microarrays can improve the diagnosis, prog-
nosis, and therapy selection in brain tumors. This is one of the main objectives of
the Integrated Project from the FP6 called eTUMOR (FP6-2002-LIFESCI-
HEALTH 503094). The preliminary results for the first group of brain tumors
studied by the whole set of described techniques is gathered in Figure 22.9. High
resolved HR-MAS spectra can be used either for a better metabolite identifica-
tion for in vivo MRS spectra and for a correct classification of different types of
brain tumors. In addition, similar differentiation among the distinct types of
brain tumors considered (GBM, astrocytomas, oligoastrocitomas, metastases,
and meningiomas) has also been obtained by the pangenomic study carried out
by DNA microarrays including more than 30,000 different human genes.

3. PROSTATE CANCER

Prostate carcinoma is the most common cancer affecting men in western deve-
loped countries [12]. The specificity and sensitivity of standard diagnostic tech-
niques, as PSA, biopsy Gleason score, digital rectal, and transrectal ultrasound,
examinations is low. Even the use of MRI techniques, as T2-weigthed images,
does not increase the specificity of prostate cancer diagnosis. However, the
metabolic information from 1H MRS has provided additional data for a higher
specificity and sensitivity for detection and location of prostate cancer [5].

Similarly to brain tumors, there are specific biomarkers from 1H MRS for
differentiating among normal tissue, benign prostatic hyperplasia (BPH) and
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tumoral tissue. Cho is again a typical biomarker for high cellularity regions indi-
cating tumor tissue, the higher the Cho concentration the higher the prostate
cancer grade. In addition, Citrate (Cit) is a standard molecular marker for nor-
mal prostate tissue. An example of different metabolic profile between normal
tissue and BPH is shown in Figure 22.10.

The combination of high Cho and a low Cit concentration is related with
tumoral prostate tissue. Whereas, high Cit and low Cho concentrations corre-
spond to normal prostate tissue. Finally, BPH is characterized by high Cho and
medium Cit concentrations. These metabolic changes have been extensively cor-
related to histopathology data [5].

The metabolic profiles in Figures 22.10 and 22.11 have been obtained by using
surface coils for detection [6]. This methodology is quite singular because usu-
ally endorectal coils are the standard methodology for prostate MRSI molecu-
lar imaging acquisition. Although this technique, provides a good signal/noise
ratio and an adequate resolution, is invasive and cannot be tolerated by all the
patients. Likewise, the endorectal coil implies additional expenses since it must
be regularly despaired. However, the methodology proposed using surface coils
can be easily incorporated to routine clinical situations. A good agreement
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Figure 22.9. Brain tumor classification by combined use of: left top: in vivo MRS (two higher row
spectra) and HR-MAS (two bottom spectra) with statistical canonical clustering (right top) and
DNA microarrays (bottom) example of DNA chip + PCA clustering.



between metabolic profiles by a combination of SV and MRSI data with
histopathology results has been obtained [6] demonstrating the potential use of
surface coils as an alternative for a proper “virtual” in vivo biopsy for prostate
location and detection.
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Figure 22.10. Metabolic profiles of prostate tissue by SV 1H MRS. Left part: Benign prostatic
hyperplasia (BPH); right part: Normal tissue.

Figure 22.11. Prostate tissue molecular imaging from 1H MRS. Left part: T2 image for location
of MV for MRSI. Right part: Top, example of BPH tissue; and bottom, example of prostate tumor
tissue.
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CHAPTER 23

FROM LINAC TO TOMOTHERAPY: NEW POSSIBILITIES
FOR CURE?

G. STORME, D. VERELLEN, G. SOETE, N. LINTHOUT, J. VAN DE
STEENE, M. VOORDECKERS, V. VINH-HUNG, K. TOURNEL,
AND D. VAN DEN BERGE

Department of Radiation Oncology, Oncologic Center AZ-VUB, Laarbeeklaan, 101, 1090-Brussels,
Belgium

Technical development in the last years has permitted, using the last imaging
techniques, to deliver a “curative” dose without increasing toxicity to the adja-
cent organs.

Imaging techniques such as CT scan, MRI, and PET-scan are complementary
and organ-specific (e.g., PET–CT for lung and MRI–CT for brain). Imaging
allows us to define more accurately the macroscopic lesions (GTV) and delin-
eate much better in our “daily” planning system.

On the other hand, modern radiotherapy machines allow for better targeting
of the GTV by improving the positioning, and delivering an adequate confor-
mal dose. Intensity modulated radiotherapy (IMRT) can in some cases, better
envelop the planned target volume (PTV) without delivering a toxic dose in the
surrounding sensitive healthy tissues.

With this perspective all imaging equipment (radiology department) is inter-
connected and all data are archived (PACS).

In accordance with the development of the electronic medical files, those
images and protocols are available throughout the entire hospital. The system is
linked with the hospital information network where also the departments of
nuclear medicine and radiotherapy are connected. The exchange of all data even
for consulting is complete.

In addition a direct link between imaging (radiology and nuclear medicine)
and radiotherapy is a necessity in relation to the planning. In our department,
this permitted the development of high precision radiotherapy using the Novalis
“shaped beam surgery” or conformal radiotherapy, initially developed for
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radiosurgery to the brain. Here also fusion between CT and MRI is comple-
mentary as in the arteriovenous malformations the angiographies and CT.

The ExacTrac system permits using infrared reflectors (IR) for automated,
computer-controlled patient setup yielding a positioning accuracy (Figure 23.1)
exceeding those observed with traditional skin tattoos or fushin marks [1].

For now more than 5 years the Novalis Body system (1st prototype: 2 RX-tubes
and one flat panel; currently 2 RX-tubes and two flat panels) has been used clin-
ically, which allows us to evaluate with radiologic quality the bony structures or
radio-opaque implanted markers (Figure 23.2). On the control screen, the meas-
ured 3D error is indicated and the correction is performed automatically using
the IR system. An improvement is observed compared with the IR procedure [2].
Using both tools we have treated actually more than 450 patients with prostate

Figure 23.1. Patient set up with IR markers and if superimposed on crosses (left) the positioning is
perfect expressed by blue lines in all directions (right).

Figure 23.2. ExacTrac (red) and Novalis Body (blue) (left) help to position the patient at the
millimeter level (right).



cancer without any major complication and millimeter accuracy has been real-
ized when applying implanted markers [De Cock, M., et al., personal communi-
cation, 3]. Preliminary data shows that the actual 5-year expected survival for
cT1-2 is 96.9% and for those who receive TAB is 83.5% [4].

In lung cancer where respiration influences tumor positioning the following
sequence is used in clinic: (1) fusion between CT and PET (the last examination
takes in to account the respiration correcting for the fast image acquisition
obtained with last generation CT scanners which provide us snapshot images of
the anatomy of the thorax); and (2) If possible radio-opaque markers are
implanted transthoracic at the tumor level (Figure 23.3a) [5].

At the planimetry, after fusion, the lesion of the PET, which is always larger
due to breathing, is used to define the internal margin (accounting for internal
organ motion) for the PTV [6]. This precise localization, permits to deliver doses
in the range of 10 × 4–5 Gy, 8 × 7.5 Gy and even 4 × 10 Gy and 2 × 20 Gy on
the GTV taken in account of the proportion of the target volume on the total
lung volume (Figure 23.3b).

Preliminary data on lung function (6 months follow-up for 54 patients) show
no major toxicity, with the exception of one patient with G3 toxicity [7].

Liver metastasis is another location where conformal radiotherapy can
replace surgery and or chemotherapy (Figure 23.4). The DKFZ has shown that
in unifocal lesions, a dose between 20 and 25 Gy can obtain 80% nonevolution
of the irradiated lesion at 2 years [8,9]. Our experience also shows that when
multiple chemotherapy was already given, this approach could even prolong sur-
vival without toxicity for about 1.7 years [Vinh-Hung, V., et al., personal com-
munication] and not those lesions do not to be treated.

Brain metastases (maximum 3 locations on MRI) with maximum diameter of
3 cm, taken in account the quality of survival in that category of patients, deliv-
ering 20 Gy in one fraction is a good indication (Figure 23.5). When these
patients relapse within the brain the new location(s) can easily be retreated.

FROM LINAC TO TOMOTHERAPY: NEW POSSIBILITIES FOR CURE? 305

Figure 23.3. (A) Marker in tumor superimposed with isodose lines. (B) Green: volume of lung
irradiated.



Obviously, primary brain tumors, neurinoma, and pituitary tumors, indications
the Novalis was originally developed for are typical indications treated at the
AZ-VUB.

If larger fields than 10 × 10 cm2 are required, the system permits to navigate
towards a second isocenter and deliver homogeneous dose to the entire GTV
and CTV using IMRT. The planimetry takes in account the overlapping zone
and homogenize in the overlapping fields in the range of ±5–8% [10].

The last development since this summer is the implementation of helical
tomotherapy in the department [11]. This machine is in fact the result of inte-
grating IMRT and volume imaging in 3D due to the use of megavoltage CT
imaging. The main goal is to spare the major side effect of radiation in head and
neck tumors: dryness of the mouth due to the functional abolition of the sali-
vary glands (Figure 23.6). It was shown to reduce the dose to the parotic glands
by + = 30% in comparison with the best other IMRT application [12]. The daily
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Figure 23.4. (A) Liver metastases from a colorectal cancer. (B) PET scan 11 months after treatment.

Figure 23.5. Brain metastases treated with a reallocable mask.



images are used for positioning the patient at millimeter level. Also the isodoses
can be used to guide the positioning.

Here also we will integrate the approach launched with Novalis to irradiate
metastatic locations within one session and improve the quality of life of the
patients avoiding side effects.
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Figure 23.6. Tomotherapy facility and dose painting of a head and neck tumor (oropharynx) demon-
strating that the heterolateral parotic gland (dark green) is under the 20 Gy level.



Integrating the imaging modalities of the academic hospital in the depart-
ment of radiation oncology permits us to precisely delineate the primary tumor
as well as the critical organs. It permits us to deliver conformal radiotherapy,
IMRT, navigating within the patient and eliminating toxic side effects to the
adjacent normal surrounding tissues.

Actually we are implementing hypofractionation hoping we can obtain more
local cure using the known radiobiological data and as such decrease the over-
all treatment time. The first data in prostate and lung cancer are encouraging
not increasing toxicity and so far having excellent outcome.
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TARGETING mTOR FOR CANCER TREATMENT

BELEN RUBIO-VIQUEIRA AND MANUEL HIDALGO

The Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, The Johns Hopkins University,
School of Medicine, Baltimore, MD.

Abstract: The mammalian target of rapamycin (mTOR) is involved in the control of cellular
growth and proliferation. Abnormal activation of signaling pathways both proximal
and distal to this kinase occurs frequently in human cancer suggesting that mTOR is
an attractive target for antineoplasm therapies. Rapamycin and its analogs inhibit
mTOR, and have showed potent antitumor activity in vitro and in xenograft models.
Several phase I and phase II studies with rapamycin-like drug have been performed
demonstrating antitumor activity in different types of refractory neoplasms. The
clinical development of mTOR inhibitors exemplifies the challenges in developing
targeted agents. mTOR inhibitors have been well tolerated at a wide range of doses,
making the selection of phase II doses based solely on toxicity criteria difficult.
Assessment of pharmacodynamic effects in surrogate tumor tissues has been used to
determine pharmacodynamically active doses. Lack of parallel assessment of tumor
tissue effects as well as the intrinsically high interpatient variability has limited the
value of these studies. A better understanding of determinants of response to mTOR
inhibitors could be used for patient selection in clinical trials. In conclusion, mTOR
inhibitors are promising anticancer agents. Future studies are needed to properly
develop these drugs as current cancer treatment.

Key words: mTOR, rapamycin, targeted therapy, CCI-779, RAD001, AP23573

1. INTRODUCTION

The development of cancer is controlled by a complex network of aberrant
genes and signaling pathways [1]. Several of these genes and molecules have
been identified, providing an abundant source of potential therapeutic targets.
This research has been complemented by an impetus in drug discovery resulting
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in a large variety of targeted drugs available for preclinical and clinical testing.
The identification of different agents with demonstrated antineoplasic proper-
ties have also facilitated a better understanding of the targeted pathway. This is
the case of the mTOR signaling pathway and the drug rapamycin. Originally
discovered as an antifungal agent, the bacterial macrolide rapamycin (Sirolimus;
Rapamune; Wyeth-Ayerst, PA, USA) was initially developed and received regu-
latory approval for the prevention of allograft rejection following organ trans-
plantation due to its profound immunosuppressive actions [2]. After forming
a complex with its cellular receptor, the FK506-binding protein (FKBP12),
rapamycin binds and inhibits the function of the mTOR [3,4]. TOR proteins are
“sensors” that control cell growth and proliferation [5]. Abnormal activation of
signaling pathways both proximal and distal to mTOR occurs frequently in
human cancer. This observation led to the interest in evaluating the antiprolif-
erative effects of rapamycin in malignant neoplasm. Rapamycin demonstrated
impressive preclinical activity against a broad range of human cancers.
However, its poor aqueous solubility and chemical stability, along with lack of
interest to promote the drug as an anticancer agent, precluded its clinical devel-
opment. Recently, a series of rapamycin analogs with improved aqueous solu-
bility and stability have been synthesized and evaluated. CCI-779 (Tensirolimus,
Wyeth-Ayerst, PA, USA), RAD001 (Everolimus, Novartis Pharma AG, Basel,
Switzerland), and AP23573 (Ariad, Pharmaceutics; Cambridge, MA) have been
selected for development as anticancer agents based on their prominent antitu-
mor profile and favorable pharmaceutical and toxicological characteristics in
preclinical studies [6–9]. Several phase I and phase II studies with these analogs
have been completed [10–20].

In this article we first review the mTOR signaling pathway to illustrate the
potential role of this kinase as an attractive antineoplasic molecular target. We
will discuss the preliminary results of experimental and clinical studies with this
novel class of anticancer agents and the potential for individualized develop-
mental strategies and clinical applications.

2. mTOR PATHWAY

The mammalian homologue of TOR protein (mTOR) [21–23] acts as a nutrient
or growth factor sensor. Its best-known function is the regulation of translation
initiation, mediated by the activation of the 40S ribosomal protein S6 kinase
(p70s6k) and the inactivation of 4E-binding protein (4E-BP1), increasing the
translation of a subset of mRNAs, which protein products are required for tra-
verse through the G1 phase of the cell cycle.

3. UPSTREAM SIGNALING REGULATORS

The principal upstream regulator of mTOR is the phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt) (PI3K/Akt) (Figure 24.1) [24]. PI3K is activated



as a result of ligand-dependent or constitutive activation of tyrosine kinase
receptors, G-protein-coupled receptors, or integrins. Receptor-independent
activation can also occur, for example, in cells expressing constitutively active
Ras proteins. Activated PI3K catalyzes the conversion of phosphatidylinositol
(4, 5)-biphosphate (PIP2) to phosphatifylinositol-3, 4, 5-trisphospahte (PIP3),
whereas PTEN dephosphorylates PIP3 acting as a negative regulator of PI3K
signaling. PI3K phosphorylates Akt, which in turn phosphorylates a host of
other proteins that affect cell growth, cell cycle entry, and cell survival. While
Akt can phosphorylate mTOR (Ser2448) directly, the tuberous sclerosis
complex (TSC), comprised by harmartin (TSC1) and tuberin (TSC2) has
emerged as an important intermediate in the regulation of mTOR by Akt. TSC
binds to and inhibits mTOR [25–27]. Akt activation can directly phosphorylate
TSC2 [25,28], inhibiting the formation of TSC1/2 complex, leading to derepres-
sion of mTOR, and consequently the kinase activity of mTOR increases.
Signaling through protein kinase C or MEK-MAPK also phosphorylates and
inactivates TSC2 leading to similar effects [29].

Proximal activators of mTOR regulated by nutrients and ATP are less well
characterized. Ras homolog enriched in brain (Rheb) is a small G protein that
functions upstream of mTOR in the nutrient signaling pathway. As in growth
factor signaling, tuberin–hamartin heterodimer play also a role as an inhibitor
of nutrient signaling through mTOR by inhibiting Rheb [26,27,30]. However,
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the identity of the sensor of nutrient signal remains controversial with studies
showing that the phosphorylation state of TSC2 is nutrient-sensitive as opposed
to others [31,32]. In addition to nutrients and mitogens, second messengers
(such as phosphatidic acid), ATP levels and polyphosphates might also regulate
TOR signaling. Moreover, it is known that mTOR forms a scaffold complex
with other proteins, such as raptor and mLST8 [33], which act as potential mod-
ulators of mTOR function in response to nutrients.

4. DOWNSTREAM EFFECTS

The main downstream function of mTOR activation is the control of transla-
tional machinery, through the eukaryotic initiation factor 4E-BP1, and the 40S
ribosomal protein S6 kinase (p70s6k) (Figure 24.2) [34].

4E-BP1: The cap function in translation is mediated by a protein complex
termed as eukaryotic translation initiation factor 4F (eIF4F) which consist of
three subunits: (1) eIF4E; (2) eIF4A; and (3) eIF4G. In the unphosphorylated
state, 4E-BP1 binds to eIF4E, blocking the assembly of the eIF4F complex at
the 5′-cap structure of the mRNA template, thereby decreasing the efficiency of
translation initiation [35]. In response to proliferative stimuli, 4E-BP1 becomes
phosphorylated through the action of mTOR and other kinases that leads to the
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release of eIF4E, which can form the multisubunit eIF4F complex. These inter-
actions lead to an increase in the translation of mRNAs with regulatory ele-
ments such as those encoding c-myc, cyclin D1, ornithine decarboxylase, and
hypoxia-inducible factor? 1-α, and consequently vascular endothelial growth
factor (VEGF). It has been speculated that mTOR acts indirectly as an inhibitor
of phosphatases, which function to dephosphorylate 4E-BP1 [36].

p70s6k: Upon activation, mTOR activates p70s6k, which, in turn, phosphory-
lates the S6 protein of the 40S ribosomal complex. The phosphorylation of S6
leads to the recruitment of the 40S ribosomal subunit into actively translating
polysomes, enhancing the translation of mRNAs bearing a 5′ terminal oligop-
olypyrimidine, that encode components of the translational machinery. These
include ribosomal proteins and elongation factors, which are required to sustain
the increased biosynthesis needed for cell growth. Other targets of p70s6k are the
antiapoptotic protein BAD [37], the transcription factor CREM [38], and the
translational regulator eEF2 [39]. It is important to note that p70s6k may also be
activated by TOR-insensitive signaling pathways involving PDK1, MAPK, and
SAPK.

At the transcriptional level, mTOR positively controls RNA polymerase
activity either by inactivation of the retinoblastoma protein [40], or by stimulat-
ing the transcriptional activator STAT3 [41]. It has also been proposed the
mTOR association with p53 and the apoptotic pathway.

5. MECHANISM OF ACTION AND EFFECTS OF RAPAMYCIN

Rapamycin binds intracellularly to FKBP12, a member of the immunophilin
family of FK506-binding proteins, and the resultant complex interacts with and
inhibits the mTOR kinase activity [3,4]. This results in inhibition of p70s6k

kinase, which leads to a reduction in the translation of 5′-terminal oligopyrimi-
dine mRNAs involved in the synthesis of proteins essential for the cell cycle pro-
gression [42,43]. Rapamycin also blocks the phosphorylation of 4E-BPI.
4E-BPI, in its dephosphorylated state, binds to eIF4E, preventing the formation
of the eIF4F complex and, consequently, inhibiting the cap-dependent transla-
tion initiation of mRNAs that encode for critical regulatory proteins [34,44].
These combine effects lead to cell cycle arrest at the G1 phase of the cell cycle.
Moreover, rapamycin interferes with other intracellular processes involved in
cell cycle progression including increasing the turnover of cyclin D1 at the
mRNA and protein level [45], upregulation of p27 and inhibition of cyclin-
A-dependent kinase activity [46].

In addition to their cytostatic actions, rapamycin can induce apoptosis in
some cell systems, like B-cells, rhabdomyosarcomas cells, renal tubular cells, and
dendritic cells [47,48]. Huang et al. [47] suggest that cellular response to
rapamycin is converted from G1 cytostatic to apoptosis when p53 or p21 are
absent. Preclinical studies have showed a potent rapamycin antiangio-
genic effect. Rapamycin reduces the production of VEGF as well as blocks 
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VEGF-mediated stimulation of endothelial cells and tube formation [49]. In
addition, because VEGF induction of the PI3k/Akt signaling pathway is impor-
tant for endothelial cell survival [50,51], rapamycin treatment can induce apop-
tosis of VEGF-stimulated endothelial cells, potentially leading to tumor vessel
thrombosis [52]. The rapamycin-effect of VEGF production could be explained
by the correlation between mTOR activity and HIF-1α. The data shown by
Majumder et al. suggest that a major component of the in vivo transcriptional
response to activation of AKT is mTOR-dependent regulation of HIF-1α.They
showed that mTOR inhibition by rapamycin analog RAD001 leads to inactiva-
tion of these HIF-1α genes [53].

6. PREDICTOR MARKERS OF RESPONSE TO MTOR INHIBITORS

It is becoming clear that there is a relationship between biological alterations
that drive tumors development and progression and the effects of targeted ther-
apies against such alterations. The identification of predictive markers of sensi-
tivity or resistance will allow the selection of patients who are more likely to
derive benefit from such a treatment. This concept has been demonstrated with
several new drugs, e.g., trastuzumab (Herceptin, Genentech) in breast cancer
patients overexpressing Her2neu; imatinib (Gleevec, Novartis) for patients with
Philadelphia chromosome-positive CML or c-kit expression and mutations in
gastrointestinal stromal tumors; and mutations in EGFR and the activity of
gefitinib (Iressa, AstraZeneca) [54–57].

To date, there are no reports suggesting that activating mutations or overex-
pression of mTOR occur as primary event in malignant transformation.
However, the PI3K/Akt/mTOR signaling pathway is frequently activated in
human tumors secondary by either receptor activation (like EGFR, Her2neu,
estrogen receptors, or IGFR, which are often overexpressed in several tumors)
or activating mutations in downstream genes.

Loss of PTEN by deletion, silencing, or mutation leads to constitutive acti-
vation of Akt, and upregulation of mTOR-dependant pathways [58,59]. Studies
in PTEN knockout mice, which are prone to developing tumors, have demon-
strated that PTEN-deficient tumor cells have elevated levels of phosphorylated
Akt and are extraordinarily sensitive to the growth inhibitory effects of
rapamycin [60,61]. This correlation between PTEN-defective phenotype and
increased sensitivity to mTOR inhibition has been also reported in studies with
breast cancer [62,63] and myeloma cell lines [64]. In addition, several preclinical
studies have shown that cell lines expressing a constitutively active Akt are more
susceptible to mTOR inhibitors. High levels of Akt activity have been associated
with resistance to standard therapy in many cancer types. mTOR inhibition
potentates tumor response or restores the susceptibility of different Akt overex-
pressing cancer cell lines to many conventional anticancer agents [65–68].

However, a recent phase II study of CCI-779 in patients with glioblastoma,
radiographic improvement was only significantly correlated with high levels of

314 CHAPTER 24



phosphorylated p70s6 kinase in baseline tumor samples, but not with other
tissue biomarkers like Akt, phosphorylated Akt, or p70s6 kinase [69].

Mutations in PI3K gene have been discovered in up to 30% of colorectal and
breast cancer patients [70]. Kang et al. [71] have reported that rapamycin inhibits
the transformation induced by PI3K mutants in chicken embryonic fibroblast,
suggesting that TOR is an essential component of the transformation process,
and, therefore an important target in tumors carrying these mutations. However,
these results differs from the selective involvement of FKHT and FKHRL1
observed in colorectal cancer cells, where, surprisingly, analysis of other AKT
downstream targets, as mTOR, 4E-BP1, and p70S6K showed no consistent dif-
ferences in phosphorylation among the wild type and mutant clones [72]. Future
work will be needed to determine if the targets of AKT activation, and there-
fore the rapamycin susceptibility, depend on the cell type, species or experimen-
tal system analyzed.

Disruptions of the TSC1 or TSC2 genes cause tuberous sclerosis [73], a
human syndrome characterized by the widespread development of benign
tumors [74]. Preclinical studies showed that inhibition of mTOR might have
therapeutic benefit in TSC [75–77]. Although cancer development is rare in
TSC, recently it has been reported the potential role of this mutation into the
initiation or progression of some bladder tumors [73]. It would be interesting to
determine the rate of these mutations in different tumors.

In addition to the factors mentioned above which are the best characterized
and currently being tested in the clinic, other factors may also be implicated.
Because rapamycin induces apoptosis in cells lacking functional p53, the assess-
ment of this dysfunction in tumors may also be useful in predicting drug effi-
cacy. Abnormalities of regulators of the G1 checkpoint such as retinoblastoma
protein, p16, p27, and cyclin D1 may also increase the sensitivity of tumors to
rapamycin.

7. CLINICAL DEVELOPMENT

Currently, available inhibitors of mTOR are limited to rapamycin and the struc-
turally related compounds CCI-779, RAD001, and AP23573. These agents
share many biochemical and physiologic properties and are being developed for
the treatment of different tumor types.

8. CCI-779

In the NCI human tumor cell line screen, CCI-779 and rapamycin demonstrated
similar antitumor profiles and potencies, with IC50 values frequently below than
10−8 M. In vitro, human prostate, breast, small cell lung carcinomas, glioblas-
toma, melanoma, and T-cell leukemia cell lines were among the most sensitive
to CCI-779. In in vivo studies, treatment of a variety of human tumor
xenografts with CCI-779 caused significant tumor growth inhibition rather than
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tumor regression, suggesting that subsequent disease-directed trials should be
designed to assess this potential outcome [6,78].

The results of published clinical trials with CCI-779 are displayed in Table
24.1. Two phase I studies where CCI-779 was administered as a 30-min iv infu-
sion weekly and as a 30-min iv infusion daily for 5 days in every 2 weeks have
been reported [10,11]. These studies were designed to determine the maximum
tolerated dose (MTD) based on dose-limiting toxicities. The MTD of CCI-779
on the daily-for-5-day-every-2-week schedule were projected to be 15 and 24
mg/m2/day in patients with minimal or extensive prior myelotoxic therapy,
respectively, whereas the MTD was not determined for CCI-779 administered
on a weekly schedule. The principal toxicities of CCI-779 included dermatologic
toxicity (such as aseptic folliculitis, erythematous maculopapular rashes, dry
skin, and nail disorders), myelosuppression, reversible elevations in liver func-
tion tests, and asymptomatic hypocalcemia. The principal hematologic toxicity
was thrombocytopenia. Other toxicities, which were generally mild to moderate
in severity, reversible, and noted over wide dosing ranges included mucositis,
hypertriglyceridemia, hypercholesterolemia, and reversible decrements in serum
testosterone. The pharmacokinetic studies indicate dose-dependent pharmaco-
kinetics, elimination half-life values of approximately 15–17 h, and preferential
partitioning of CCI-779 in red blood cells. Unexpectedly, based on of preclini-
cal studies, in which the predominant therapeutic effect of CCI-779 was delayed
tumor growth, major tumor responses (partial responses, PR: >50% reduction
in the sum of the bidimensional product of all measurable lesions) and minor
tumor responses (MR: <50% reduction in the sum of the bidimensional prod-
uct of all measurable lesions) were noted. The fact that CCI-779 consistently
induced tumor regressions at relatively nontoxic doses in the phase I studies sug-
gests that its optimal therapeutic dose may be lower than the MTD.

Due to the high incidence of PTEN deletions in malignant gliomas, CCI-779
has been studied in patients with this disease. Since CCI-779 is principally
metabolized by cytochrome P450 that are induced by many types of anticon-
vulsant agents commonly coadministered to these patients, the toxicities, phar-
macokinetics, and optimal dose schedule of CCI-779 have been separately
evaluated in this group. The MTD was established at 250 mg iv weekly for
patients on enzyme-inducing antiepileptic agents (EIAEDs) [17], which is higher
than for those not in EIAEDs in the phase II study, where the initial dose of 250
mg had to be decreased to 170 mg because of excessive toxicity. CCI-779 was
well tolerated in recurrent glioma in a phase II study, with radiographic
improvement in 36% of treated patients and significantly longer time to pro-
gression in the responder patients with respect to the nonresponders [69].

Phase I studies evaluating the feasibility of administering CCI-779 in combi-
nation with cytotoxic chemotherapeutics are ongoing. To date, enrollment is
continuing in a phase I study of combination therapy of CCI-779 and interferon
alpha (IFN), which has been generally well tolerated in patients with advanced
RCC [18]. A phase I study of CCI-779 at 15 mg/m2 in combination with 
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5-fluorouracil (2,600 mg/m2) and leucovorin concluded that the combination
used is not feasible, with mucositis being the dose-limiting toxicity [19].

An oral formulation of CCI-779 is also in study. The recommended oral
dosage for phase II studies has been defined as 75 mg/day administered daily for
5 days every 2 weeks after the first phase I study [20].

Disease-directed efficacy studies of CCI-779 in a broad range of tumor types
have been initiated (Table 24.2). In a phase II study, 111 patients with advanced,
previously treated, renal cell carcinoma were randomized to treatment with
CCI-779 at doses of 25, 75, or 250 mg/m2 IV weekly. CCI-779 produced an
objective response rate of 7% and minor responses in 26% of these patients. The
median time to tumor progression (TTP) (5.8 months) and median survival (15
months) were also notable, particularly for heavily pretreated patients.
Interestingly, there were no substantial differences in antitumor activity among
the three dose levels tested [12]. While the response rate was low in these heavily
pretreated patients, the high rate of PR/MR/SD and extended median TTP and
survival are promising. Assessment of the pharmacodynamic effects in a subset
of patients by measuring p70s6K inhibition in peripheral blood mononuclear
cells (PBMC) demonstrated a dose-independent inhibition of the target that was
correlated with TTP [79]. In March 2002, the FDA designated CCI-779 for fast-
track development for the treatment of RCC after failure of initial therapy; at
this time phase III trial for RCC is ongoing comparing CCI-779 with inter-
fero&nbdot; or the combination of both agents and using time to progression
and survival as end point [80].

Another phase II study of CCI-779, in this case in women with previously
treated with either a taxane or an anthracycline or both locally advanced or
metastatic breast cancer, has been also performed [13]. One hundred nine
patients were randomized to receive 75 or 250 mg/m2 iv of CCI-79 on a weekly
schedule. Clinical benefit was observed in 37% of patients, including ten partial
responses and 26 patients with stable disease lasting 8 weeks. Efficacy was simi-
lar for both dose levels but toxicity was more common with the higher dose
level. The most common reason for study discontinuation was lethargy and/or
depression. Interestingly, none of the HER-2 negative tumors showed any sig-
nificant response to CCI-779. Because of the association of hormone resistance
and activation of the mTOR pathway, a randomized, double-blind, phase III
study of oral CCI-779 in combination with letrozole versus letrozole alone in
patients with estrogen-dependent breast cancer is ongoing [80].

Recently, a phase II of CCI-779 for relapsed mantle cell lymphoma has been
reported [81]. Thirty-five patients were treated with 250 mg of CCI-779 iv every
week. The overall response rate was 38% with one complete response (3%) and
12 partial responses (35%). The median time –to progression in all patients was
6.5 months, and the duration of response for the 13 responders was 6.9 months.
Hematologic toxicities were the most common, being thrombocytopenia the
most frequent cause of dose reductions.
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9. RAD001

RAD001, a rapamycin ester analog, also has shown in preclinical studies dose-
dependent inhibition of tumor growth and reduced tumor vascularity, as well as
the ability to potentate the activity of a number of cytotoxics [7,82].

Two phase I studies of orally administered RAD001, were performed to iden-
tify the optimal biologically effective dose based on toxicity, pharmacokinetics,
and pharmacodynamic assessments using the biomarker p70s6k activity in
PBMCs [14] or p-S6, p-4E-BP1, and p-Akt in tumors [83]. RAD001 was well
tolerated with only mild degrees of anorexia, fatigue, rash, mucositis, and gas-
trointestinal disturbance. Partial responses and stabilizations of >4 months were
observed. Tabernero et al. [83] recommended a dosage of 10 mg daily for further
phase II and III trials.

Phase I/II trials evaluating RAD001 in relapsed or refractory hematologic
malignances or the combination of RAD001 and imatinib mesylate in patients
with gastrointestinal stromal tumors that are refractory to imatinib mesylate,
[84] with gefitinib in patients with NSCLC [85] or with different cytotoxic drugs
are on going.

10. AP23573

AP23573, a rapamycin prodrug, has demonstrated prominent antiproliferative
preclinical activity against several cancers [9].

Preliminary results of two phase I dose escalation studies of AP23573 in
patients with refractory or advanced cancers have been reported, in which
AP23573 was administered as a 30-min iv infusion daily × 5 days every 2 weeks
for 4 weeks, with doses ranging from 3 to 28 mg in 5 dose level cohorts [15], and
as a 30 min iv infusion weekly for 4 weeks cycles, with doses ranging from 6.25
to 25 mg [16]. No dose-limiting toxicity or related serious adverse events have
been observed in any study. Side effects included grade 1 rash, grade 2 anemia
and mucositis, and a transient grade 3 transaminase elevation. Inhibition of
mTOR activity was reflected by decreased in phosphorylated 4E-BP1 in both
studies in skin biopsies.

A series of phase II trials in refractory hematologic malignances, sarcomas,
breast, brain, endometrial, and prostate cancer are underway, as well as a series
of phase Ib trials evaluating this agent in combination with chemotherapeutic
agents and other molecularly targeted drugs.

11. RAPAMYCIN

For reasons that are not totally clear, the development of rapamycin itself as an
anticancer agent has not been attempted until recently. Based on its pharmaco-
logical and antitumor properties in preclinical models, there is no reason to
believe that rapamycin will not be effective as an anticancer agent. In fact,
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CCI-779 is essentially converted to parent rapamycin in plasma. Rapamycin
alone and in combination with other immunosupressants has been safely
administered to thousands of solid organ transplant patients [86–88]. There is
an increasing effort to determine the optimal way of administration and to eval-
uate the efficacy of rapamycin in a clinical setting. Phase I and phase I/II stud-
ies are currently underway in pediatric refractory hematologic malignancies,
glioblastoma multiforme, and pancreatic cancer patients.

12. CHALLENGES IN THE DEVELOPMENT OF mTOR INHIBITORS

The clinical development of the molecularly targeted drugs will require funda-
mental changes to the traditional clinical trial design and end points used for
cytotoxic drugs. In this section of the review, we summarize some of the most
relevant challenges to develop mTOR inhibitors.

Determination of the optimal dose remain the primary objective in phase I
studies of molecularly targeted agents. The determination of the MTD as an
solely end point may not be the most appropriate strategy because cytostatic
agents may have a saturable target, and dose escalation beyond a certain thresh-
old may not result in increased efficacy but only in increased toxicity.
Furthermore the traditional definition of “intolerable toxicity” may be insuffi-
cient for chronically and/or continuously administered targeted agent that pro-
duces noticeable, moderate toxicities, which can be unacceptable toxicities if
they become persistent. The selection of an appropriate dose for mTOR-
targeted drugs is especially challenging since objective antitumor activity has
been observed in patients treated with a wide range of doses, whereas toxicity
has been more directly related to dose.

Ideally, phase I trials for target-based drugs should be designed to determine
whether the target can be inhibited at a tolerable dose and schedule, and to esti-
mate the dose required to achieve and maintain maximum inhibition of the tar-
get [89]. Drug effect on the target can be measured in tumor biopsy specimens
obtained prior to and after the initiation of the therapy or in adequately vali-
dated surrogate tissues. The pharmacodynamic effects of mTOR inhibitors have
been measured in PBMCs using a fully quantitative p70s6k assay [79]. Peralba
et al. showed that the activity of p70s6k decreases in a linear fashion after expo-
sure to an mTOR inhibitor, and there is a good correlation in magnitude of
p70s6k inhibition between PBMCs and tumor tissues in mice. Additional clinical
studies are currently in development to explore if this correlation also exists in
patients in trials in which tumor tissue and PBMCs will be simultaneously col-
lected. It is interesting that no relationship was observed between the adminis-
tered dose of CCI-779 and inhibition of p70S6k in PBMCs in a small cohort of
patients. Similar studies conducted with RAD001 and AP23573 have used phar-
macodynamic effects in PBMC and skin biopsies to determine biologically
active doses of the agents [14,16,83]. However these approaches have important
limitations. First, there may not be a correlation between drug effects in normal
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tissues and in malignant tissues and, therefore, tumor biopsies may still need to
be performed to document adequate tumor tissue effects. Second, inhibition of
the target does not necessarily imply antitumor effects because tumors may still
progress if there are others constitutively activated downstream mediators that
are not regulated by upstream targets.

A second important question is the selection of appropriate end points for
phase II clinical trials. Although regressions of well-established tumors have
been noted in preclinical studies of rapamycin and its analogs, tumor growth
delay is their principal therapeutic effect. Then, the sole use of tumor response
as a marker of efficacy may be inadequate. In addition to the traditional end
point, tumor regression, possible clinical end points that have been proposed for
the evaluation of antiproliferative agents include time to progression, the pro-
portion of patients without progressive disease as their best response, progres-
sion rate, symptomatic benefit, measures of target inhibition, PET scanning and
reduction in tumor markers. None of these end points have, however, been well
validated.

Another important issue in phase II design of target drug is that they should
be tested in the patient group that is most likely to show a favorable effect. This
approach should avoid spuriously negative or overall weak signals of clinical
activity of otherwise very active drugs when used in the right group of patients,
prevent unnecessary large costly trials, and limit the exposure of patients to
drugs unlikely to produce any clinical benefit. Therefore, an important challenge
during clinical development of mTOR inhibitors includes the ability to predict
which tumors will be sensitive or resistant in base to their specific molecular
abnormalities and select the patients for treatment based on predictor markers
of sensitivity, as these we mentioned above. Several studies support the hypoth-
esis that tumors became “addict” to their constitutively active pathways and that
inhibition of these pathways result in important tumor growth arrest. Since can-
cer patients with, for example, PTEN-deficient tumor cells, amplification of
Akt, or mutations in the PI3K gene can be identified using readily available
tests, it may be possible to select those who may benefit most from rapamycin
and rapamycin analogs. Thus far, Galanis et al. [69] are the first group who has
tested several markers in the clinic and they have proposed that p70s6k activation
is the only marker that appears related to outcome.

13. CONCLUSION

TOR proteins are “sensors” that appear to control cell growth and proliferation
based on nutrient availability or growth factor stimulation through regulation of
translation and transcription. Activation of the mTOR signaling pathway is fre-
quent in human cancer and has become an attractive target for antineoplasm
therapies. Rapamycin, CCI-779, RAD001, and AP23573 are mTOR inhibitors
with potent antitumor activity in preclinical studies that have completed several
phase I clinical evaluations and are currently undergoing broad disease-directed
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efficacy studies. These agents appear to be well tolerated at doses that have
resulted in impressive antitumor activity in several types of refractory neoplasm.
The clinical development of mTOR inhibitors exemplified the challenges and
limitations regarding the development of novel anticancer agents and are fertile
grounds to implement innovative approaches to clinical trials including innova-
tive strategies for patient selection as well as rigorous incorporation of pharma-
codynamic end points.
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CHAPTER 25

DUAL/PAN-HER TYROSINE KINASE INHIBITORS:
FOCUS IN BREAST CANCER

JOAN ALBANELL

Medical Oncology Department, Hospital del Mar de Barcelona, Spain

Many human cancers, such as breast cancer, express multiple members of the
HER receptor signaling family, a fact that points to the interest of developing
inhibitors of both EGFR and HER2 (dual inhibitors), or inhibitors of the four
receptors (pan-ErbB inhibitors). Among these agents, lapatinib (GW572016) is
the one in a more advanced stage of clinical development. Lapatinib is a dual
reversible TKI that potently inhibits both EGFR and HER2 and has a very slow
off-rate for both EGFR and HER2 (t1/2 > 2 h). Lapatinib induces growth arrest
and/or apoptosis in EGFR and HER2-dependent tumor cell lines and is a
potent inhibitor of growth of tumor xenografts in mice. The marked reduction
of tyrosine phosphorylation of EGFR and HER2 induced by lapatinib results
in inhibition of MAPK and Akt. In fact, experimental evidence suggests that
lapatinib may be better than EGFR-specific TKI’s in inhibiting PI3K/Akt acti-
vation in vitro and in vivo. Complete inhibition of activated Akt in HER2 over-
expressing cells correlated with a strong increase in apoptosis. Inhibition of
activated Akt may be of therapeutic interest for the use of lapatinib as a
monotherapy, or may enhance the antitumor activity of chemotherapeutics for
which Akt may mediate chemoresistance. A potentially important advantage of
lapatinib compared with monoclonal antibodies (MAbs) directed at the extra-
cellular domain of HER2 (trastuzumab) is the inhibition of the phosphoryla-
tion of a truncated form of HER2, termed HER2p95 that lacks the extracellular
domain but has TK activity. It is tempting to speculate that trastuzumab resist-
ance may be mediated in part by the selection of HER2p95-expressing breast
cancer cells capable of exerting potent growth and prosurvival signals through
HER2p95–HER3 heterodimers. Whether this would explain the activity of
lapatinib seen in patients with trastuzumab refractory breast cancers is as
yet unknown. In addition to lapatinib activity seen in trastuzumab refractory
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patients, a study in first-line treatment of advanced breast cancer patients with
FISH + tumors resulted in a promising response rate of 37.5%, further suggest-
ing that this agent may have a role in the treatment of breast cancer. Newer
agents inhibiting multiple ErbB receptors, such as CI-1033 or BMS-599626,
have recently entered into the clinic.

1. THE EPIDERMAL GROWTH FACTOR RECEPTOR FAMILY

The effects of small molecules that inhibit the epidermal growth factor receptor
(EGFR) tyrosine kinase (TK), also known as EGFR-TK inhibitors (EGFR-
TKI), vary among different cells/tumors and this is due to the fact that the role
of the EGFR in a given cell depends on the repertoire of coexpressed molecules
that drive cell growth and survival.

1.1. Mechanisms of activation and signaling Pathways

The human EGFR family (also termed ErbB receptor family) consists of four
homologue transmembrane receptor TKs: (1) the EGFR itself (ErbB1/EGFR/
HER1); (2) HER2 (ErbB2); (3) HER3 (ErbB3); and (4) HER4 (ErbB4). These
receptors have an extracellular ligand-binding domain, a transmembrane lipophilic
segment, and an intracellular TK domain [1]. EGFR, HER2, and HER4 have
intrinsic TK activity while HER3 is a kinase-defective receptor. Ligands that bind
to the EGFR include epidermal growth factor (EGF), transforming growth factor
alpha (TGF-a), amphiregulin, heparin-binding EGF, betacellulin, and epiregulin.
A second class of ligands, known as neuregulins, bind directly to HER3 and/or
HER4. The activation of these receptors involves dimerization, which can take
place with an identical ErbB receptor as dimerization partner (homodimerization)
or another member of the ErbB receptor family (heterodimerization).

Dimerized/oligomerized receptors undergo phosphorylation of specific
tyrosines, which in turn, results in the recruitment of downstream signaling pro-
teins. No ligand has yet been identified for HER2. Despite being a ligand-
orphan receptor, HER2 is the preferred coreceptor for the EGFR, HER3, and
HER4. Conversely, HER3 binds a number of ligands but since it has a defective
TK, HER3 requires heterodimerization with another ErbB member to be acti-
vated [1–4].

The dimerization of the receptors results in activation of the intrinsic TK
activity, and in autophosphorylation of the cytoplasmic domain. Each receptor
complex may activate different signaling pathways that elicit specific cellular
responses, resulting in an enormous signaling diversity.

Ultimately, the ErbB signaling family results in activation of a cascade of bio-
chemical and physiological responses that regulate cell proliferation, survival,
angiogenesis, and invasion [1–3].

There are many signaling pathways activated by ErbB-based dimers, such as
Ras-Raf-MAPK, PI3K-Akt, PLC-g1, Src, STATs, and others [1] (Figure 25.1).



Activation of the Ras-Raf-MAPK pathway eventually regulates cell transcrip-
tion and has been linked to cell proliferation, survival and transformation in
laboratory studies [5] and more recently in studies in human tumors [6–8].
Another Signaling transduction pathway activated by the ErbB network is the
PI3K/Akt pathway that plays an important role in cell survival.

Phosphatydilinositol-3 kinase (PI3K) is lipid kinase activated by HER2/HER3
dimers and other receptor complexes that eventually results in the phosphoryla-
tion and activation of Akt [9], the activation or inhibition of these pathways may
play important roles in the resistance or response to EGFR-TKIs.

2. EARLY DEVELOPMENT OF EGFR TKIS AND 
PHARMACODYNAMIC ENDPOINTS

The development of EGFR TKIs was based on data that revealed that the TK
activity of the EGFR was required for many of the biochemical responses
induced by this receptor. A potential advantage of EGFR TKIs over MAbs is
the ability to enter into the cell and to act on intracellular active forms of
the receptor, such as EGFRvIII, or truncated HER2 receptor (HER2p95) 
[11–15,18–22].

Quinazoline compounds, such as PD153035 [16] and AG1478, represent the
first of a class of competitive ATP inhibitors that were highly selective for the
EGFR TK. Since then, a series of agents with different degrees of specificity
towards single or multiple ErbB receptors has been produced. The inhibition of
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the receptor TK can be also reversible or irreversible. Based on the increasing
complexity of the compounds available, an elegant classification of these agents
has been recently proposed [14,17] (Table 25.1). The potential differences in
activity or tolerability of dual EGFR/HER2 or pan-ErbB receptor inhibitors
over highly specific EGFR TKIs are discussed later for individual agent that are
under active clinical development [18].

The clinical development of EGFR receptor targeted agents has involved the
possibility of selecting optimal biological doses (OBD) instead of using the
maximally tolerated doses (MTD) that are used for the traditional development
of nontargeted chemotherapeutic agents [7,18–23]. An OBD may be defined as
the minimal dose required to achieve complete receptor inhibition. The methods
used to help to select an optimal dose are based on pharmacokinetic, or prefer-
ably, pharmacodynamic assays (that is, demonstrating the desired biological
effect on the target in vivo in posttreatment biopsies). Data on clinical activity
and toxicity in phase I trials are however essential drivers to select of doses for
further development. The potential advantages or disadvantages of each
approach (OBD vs. MTD) are yet to be determined, although a priori the use of
OBDs should avoid unnecessary side effects that would appear at doses above
the ones that inhibit the target.

Pharmacodynamic studies may be also useful to define the biological
response to the treatment, to discover biomarkers that predict response and to
define potential mechanisms of therapeutic resistance. Several preclinical stud-
ies have been aimed to identify good surrogate markers of biological activity of
EGFR TKIs. For instance, cell culture experiments using the TKI gefitinib and
the MAb cetuximab, two EGFR-targeted agents, have shown that drug concen-
trations that caused a maximal decline in cell proliferation coincided with con-
centrations that reduced or abolished EGFR and MAPK activation [7]. These
experiments supported the value of these markers for pharmacodynamic stud-
ies aimed at defining OBD. The promising value of EGFR and MAPK activa-
tion is strengthened by in vivo studies performed in mice bearing human breast
cancer xenografts and treated with gefitinib [24]. Interestingly, Akt activation
was also reduced, but to a lesser extent than EGFR or MAPK. This observation
suggested the possibility that Akt might play a role in the in vivo response or
resistance to EGFR-targeted agents. Many additional studies with a variety of
EGFR targeted agents have supported the use of other downstream surrogates
such as Akt, p27, cyclin D, and c-fos. However, the use of receptor downstream
markers requires a careful interpretation of the results since our understanding
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Table 25.1. ErbB receptor TK Inhibitors in clinical development

Selective EGFR TK inhibitors Dual or pan-ErbB receptor TK inhibitors

Gefitinib (reversible) Lapatinib (EGFR/HER2; reversible)
Erlotinib (irreversible) CI-1033 (pan-ErbB; irreversible)
EKB-569 (irreversible) BMS-599626



of EGFR dependent pathways in vivo in human tumors is yet limited. For
instance, a significant relationship between expression of EGFR and down-
stream molecules (i.e., activated MAPK) has been reported in various tumor
types, such as head and neck, breast, and gastric carcinomas [6–8,20].
Nevertheless, some specimens have high levels of activated MAPK without high
levels of EGFR, thus suggesting that other receptors, or Ras mutations, are acti-
vating MAPK. The reverse is also true. The rapid knowledge gained since the
discovery of EGFR TK mutations will be almost certainly of importance to bet-
ter understand the basis of EGFR tumor dependency [10].

Hopefully, the use of transcriptional and proteomic profiling will also aid
in the identification of tumors and pathways that are truly EGFR dependent in
clinical samples.

3. DUAL ERBB RECEPTOR INHIBITORS

Many human cancer express multiple members of the ErbB receptor Signaling
family, a fact that points to the interest of the clinical testing of inhibitors of
both EGFR and HER2 (dual inhibitors), or inhibitors of the four receptors
(pan-ErbB inhibitors) of the family, compared with inhibitors of single recep-
tors (Table 25.2) [15,17,25,26].

Lapatinib (GW572016) is a dual reversible TKI that potently inhibits
both EGFR and HER2 and has a very slow off-rate for both EGFR and HER2
(t1/2 > 2 h) [27]. Lapatinib induces growth arrest and/or apoptosis in EGFR and
HER2-dependent tumor cell lines. Lapatinib also is a potent inhibitor of tumor
growth xenografts in mice [28,29].

The marked reduction of tyrosine phosphorylation of EGFR and HER2
induced by lapatinib results in inhibition of MAPK and Akt. In fact, experi-
mental evidence suggest that lapatinib may be better than EGFR-specific TKI’s
in inhibiting PI3K/Akt activation in vitro and in vivo [28,29]. Complete inhibi-
tion of activated Akt in HER2 overexpressing cells correlated with a strong
increase in apoptosis. These observations were reproduced in vivo in human
tumor xenografts. Inhibition of activated Akt may be of therapeutic interest for
the use of lapatinib as a monotherapy, or may enhance the antitumor activity of
chemotherapeutics for which Akt may mediate chemoresistance. The drug
exhibited a favorable toxicity profile in rodents and dogs and no evidence of car-
diac toxicity during high exposure over 6 and 9 months, respectively. A poten-
tially important advantage of lapatinib compared with MAbs directed at
the extracellular domain of HER2 (trastuzumab) is the inhibition of the
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Table 25.2. Rationale to investigate dual/pan ErbB receptor tyrosine kinase inhibitors

ErbB receptor heterodimers are more potent than ErbB receptor homodimers
Coexpression of different ErbB receptors in human cancer specimens is common
Combined treatments of specific anti-EGFR agents and anti-HER2 agents result in greater 

antitumor activity than when each agent is used alone



phosphorylation of a truncated form of HER2, termed HER2p95, that lacks
the extracellular domain but has TK activity. In fact, the expression of the NH2
terminally truncated HER2 receptor (HER2p95) in breast cancer correlates
with metastatic disease progression compared with the expression of full-length
HER2p185 [13,30]. It has been confirmed experimentally that HER2p85 forms
heterodimers with HER3, but not with EGFR, thus suggesting that selective
EGFR TKIs would not be able to inhibit this association. The dual
EGFR/HER2 inhibitor lapatinib, however, inhibits baseline HER2p95 phos-
phorylation in BT474 cells and tumor xenografts, resulting in the inhibition of
downstream phospho-MAPK and phospho-Akt [27]. It is tempting to speculate
that trastuzumab resistance may be mediated in part by the selection of
HER2p95-expressing breast cancer cells capable of exerting potent growth and
prosurvival signals through HER2p95-HER3 heterodimers. Whether this would
explain the activity of lapatinib seen in patients with trastuzumab refractory
breast cancers is as yet unknown.

Phase I trials of oral lapatinib have been conducted [31]. Rash, diarrhea, nau-
sea, and fatigue were the most common adverse events. Some evidence of clini-
cal activity has been observed. Patients with a variety of tumors have had stable
disease for up to 13 months; one patient exhibited a minor response, and one
patient with head and neck tumor had a complete response and remained on
study after 19 months.

Preliminary pharmacokinetic data indicate that the lapatinib serum concen-
trations were above the in vitro 90% inhibitory concentration at the 1,200 mg
once-daily dose and pharmacokinetics appear to be linear over the tested dose
range (up to 1,800 mg). A phase IB study of lapatinib in heavily pretreated
metastatic cancer was conducted in patients with biopsable disease, and EGFR
or HER-2 overexpression on immunohistochemistry, HER-2 gene amplifica-
tion, or evidence of activated EGFR and HER-2 receptors on immunohisto-
chemistry. Patients were randomized to receive lapatinib at doses of 500, 650,
900, 1,200, or 1,600 mg once daily [32]. In this study, 67 patients with metasta-
tic solid tumors were evaluated. Tumor types in these patients consisted of
breast cancer (33%), and others carcinomas (66%).

Treatment has been well tolerated, with no grade 4 and five grade 3 toxicity
(gastrointestinal events and rash). The most common adverse events (all grade
1 or 2) were been diarrhea (42%), rash (31%), and nausea (13%). No treatment-
related cardiac or pulmonary toxicity was observed.

Partial responses were observed in four patients at the 1,200-mg (n = 2),
900-mg (n = 1), and 650-mg (n = 1) doses, with those patients having received
therapy for a median of 5.5 months (3–8 months). Each of the four patients had
breast cancer, overexpressed ErbB2, and with one exception, coexpressed ErbB1.

Stable disease was observed in 24 patients with various other carcinomas, of
whom ten received lapatinib for > = 6 months. The relationships between lapa-
tinib dose or serum concentration and clinical response could not be adequately
characterized due to the limited response data.
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Overall, the tumor types responding to treatment (partial response or stable
disease) have consisted of trastuzumab-refractory breast cancer (n = 10),
colorectal cancer (n = 3), ovarian cancer (n = 1), lung cancer (n = 5), adenocar-
cinoma of unknown primary site (n = 1), granular cell carcinoma (n = 1), and
head and neck cancer (n = 3). An on-day 28 biopsy in a patient with
trastuzumab-refractory inflammatory breast cancer who had a rather dramatic
partial response to lapatinib showed decrease in phospho-EGFR and phospho-
HER2, phospho-MAPK index, cyclin D, and TGF were observed, with a dra-
matic increase in tumor cell apoptosis. Another patient that experienced a
partial response to lapatinib had a marked increase in apoptosis. In contrast,
correlates in a patient with progressive disease on lapatinib had no induction
of apoptosis.

In on-study tumor biopsies, an inhibition of p-EGFR, p-HER2, p-MAPK, or
p-Akt expression was reliably achieved at lapatinib doses of 650 mg and greater.
Responders exhibited variable levels of inhibition of p-ErbB1, p-ErbB2,
p-Erk1/2, p-Akt, cyclin D1, and TGF-a. Increased tumor cell apoptosis
(TUNEL) occurred in patients with evidence of tumor regression but not in
nonresponders. No significant cardiac toxicity has been reported [33,34].

The dose selected for further development a single agent was a daily dose of
1,500 mg, which is associated to desired pharmacodynamic effects and is yet
below the MTD. Responses in phase I trials have been also seen in squamous
cell carcinoma of the lung [35]. A phase II safety and efficacy study of oral lap-
atinib in 41 patients with metastatic breast cancer has been recently reported
[36]. The investigators-assessed responses were one complete response and three
partial responses (two of them confirmed by independent review). The propor-
tion of progression-free patients at 16 weeks was 24%, as assessed by an inde-
pendent committee. The activity of single agent lapatinib against breast cancer
has been also observed in another phase II study in patients with advanced or
metastatic breast cancer who progressed while receiving trastuzumab-contain-
ing regimens and had progressed to at least three prior chemotherapeutic regi-
mens. In addition to its activity in trastuzumab-refractory patients, the
combination with trastuzumab is also attractive.

Recent studies in cell lines showed that combining lapatinib, with anti-ErbB2
antibodies, either pAb or trastuzumab, in ErbB2-overexpressing breast cancer
cells BT474 markedly downregulated survivin protein and enhanced tumor cell
apoptosis. In addition to inhibit p-Erk1/2 and p-Akt, the combination of lapa-
tinib with trastuzumab completely inhibited p-erbB2 steady state protein levels
and marked inhibition of p-ErbB3 [37].

A recent phase I/II study of lapatinib and trastuzumab in 48 patients with
HER2 overexpressing breast cancer has shown that the recommended dose of
the combination was 1,000 mg/day of lapatinib plus the standard dose of
trastuzumab [38]. Dose limiting toxicities consisted of fatigue, nausea, and
anorexia. One complete response and four partial responses were observed
in patients with heavily pretreated breast cancer, all of them progressing to
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prior trastuzumab. Based on these promising results, additional trials of
trastuzumab and lapatinib are planned. Most of the responses have been
observed in tumors with inflammatory features, leading to specific studies in
patients with inflammatory breast cancer.

On the other hand, no objective responses have been seen in heavily pretreated
(median of more than four prior chemotherapy regimens) non-HER2 overex-
pressing breast cancer patients that received lapatinib. However, studies address-
ing the role of lapatinib in less pretreated patients are warranted. Furthermore,
a series of phase III trials of lapatinib in breast cancer are currently accruing
patients [34]. In first line, lapatinib plus paclitaxel versus paclitaxel alone is
investigated in a randomized, double-blind, placebo-controlled, two-arm, mul-
ticenter phase III trial. This study is preceded by a phase I trial of lapatinib in
combination with paclitaxel. The optimal tolerated regimen was determined to
be paclitaxel 175 mg/m2 q 3 weeks and lapatinib 1,500 mg/day [39]. Importantly,
three objective responses were observed in patients with taxane-resistant breast
cancer. A phase III randomized, open-label, multicenter trial is comparing lap-
atinib plus capecitabine with capecitabine alone in patients with refractory
advanced or metastatic breast cancer.

Recent evidence show that lapatinib was able to restore tamoxifen sensitiv-
ity in EGFR- or HER-2-expressing cells, while, in vivo, combined laptaninib
and tamoxifen caused maximal regression of HER-2 overexpressing, tamox-
ifen-resistant MCF-7 xenografts, and to cooperate with tamoxifen to provide
more rapid and profound cell-cycle arrest in hormone-resistant cells [40].
Based on this preclinical data, a number of small phase I/II trials have been
initiated with TKIs in combination with tamoxifen, fulvestrant, or an aro-
matase inhibitor.

Finally, lapatinib plus letrozole versus letrozole alone is being compared in a
randomized, double-blind, placebo-controlled, multicenter phase III trial in
patients with estrogen/progesterone-receptor-positive advanced metastatic
breast cancer. These trials should help to clarify the potential roles of lapatinib
in advanced breast cancer. In addition to breast cancer, a wide program of
development of lapatinib is in bladder [41] and kidney cancers and studies are
ongoing in many other tumor types as well.

The results of this and further clinical studies will help to establish whether
the above described properties and theoretical benefits of a potent, dual
EGFR/HER2 TKI such as lapatinib will translate into benefits over inhibitors
of either EGFR or HER2 alone.

4. PAN-ERBB RECEPTOR INHIBITORS

CI-1033 (Canertinib) is an orally available pan-erbB receptor TKI that, unlike
the majority of receptor inhibitors, effectively blocks signal transduction
through all four members of the erbB family [42]. CI-1033 is also unique in that
it is an irreversible inhibitor, thereby providing prolonged suppression of erbB
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receptor-mediated signaling. Preclinical data have shown CI-1033 to be active
against a variety of human tumors in mouse xenograft models, including breast
carcinomas.

In a phase I study, CI-1033 has been shown to have an acceptable side effect
profile at potentially therapeutic dose levels and demonstrates evidence of target
biomarker modulation. As seen in similar studies with other agents such as gefi-
tinib, there was no relationship between dose level and degree of modulation of
biomarkers in tumor and skin [43].

Antitumor activity has also been observed, including one partial clinical
response and stable disease in over 30% of patients, including one patient with
heavily pretreated breast cancer. After examining different schedules of admin-
istration, a recommended phase II dose of 150 mg of CI-1033 given as contin-
uous daily dosing has been shown to have predictable and tolerable toxicities
[43–45]. The most common grade 1–2 toxicities observed in the continuous daily
dosing regimen included rash, diarrhea, and stomatitis. It will be of interest to
better characterize the activity and tolerability profile of this agent when com-
pared with specific EGFR inhibitors or dual inhibitors.

BMS-599626 is an orally inhibitor of the HER1, HER2, and HER4 TKs, that
was evaluated in phase I trials in patients with advanced solid tumors. The most
important adverse events were grade 1–2 diarrhea, nausea/vomiting, rash,
fatigue, cramp, and cough. To date, BMS-599626 has been well tolerated and no
dose-limiting toxicities were observed. Dose escalation study is ongoing, in
patients with metastatic solid tumors, refractory to standard therapies that
expressed HER1 or HER2 [46,47].

5. PERSPECTIVES

Lapatinib, a dual EGFR/HER2 TK inhibitors, is particularly promising in
breast cancer. Newer agents inhibiting multiple ErbB receptors, such as CI-1033
have recently entered into the clinic and BMS-599626 is in phase I trials. In addi-
tion to the use of these agents as single agents; many clinical studies are address-
ing the role of combining them with hormonal agents, biological agents, or
chemotherapy.

An additional strategy is the use of TKIs that affect ErbB receptors and also
the TK activity of other transmembrane receptors such as VEGFR or PDGFR.
Examples of these agents are ZD6474 [48,49] and AEE788 [50].
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CHAPTER 26

ANTITUMOR-ASSOCIATED ANTIGENS IGGS: DUAL
POSITIVE AND NEGATIVE POTENTIAL EFFECTS
FOR CANCER THERAPY

EMILIO BARBERÁ GUILLEM AND JAMES W. SAMPSEL

Celartia Research Laboratories, Powell, Ohio, USA

Abstract: Antitumor antigen antibodies are promising tools for cancer therapy, under the
judgment of achieving targeted cell destruction. However, antibodies can not only kill
tumor cells, but also trigger inflammation in the core of the tumor. Inflammation and
cancer have been firmly associated for the last 10 years. Even if this connection was
known by intuition since the late 1800s, solid demonstrations of molecular
mechanisms behind it have been reported only recently. Nevertheless, basic
antiinflammatory factors such as aspirin, and other COX inhibitors, all act somehow
as good preventive drugs, but not as therapeutic agents. We have studied the
inflammatory pathways associated with tumor cell invasion and metastasis, by
analyzing triggers and brittle links in the chain of inflammatory events that promote
cancer recurrence and metastasis. In our experiments we observed that signals
through TNFα and lymphotoxin-alpha (LTα) constitute weak links in the tumor-
promoting inflammatory scenario. Using gene-targeted mutations, we demonstrated
that p55TNF-R blockade could reduce metastasis outcome in mice up to 50%.
Likewise, LTα blockade reduces mortality in tumor-challenged and untreated mice by
10%, and 54% in mice treated with simple surgical tumor ablation. Conversely,
p75TNF-R blockade increases metastasis outcome up to 200%. All taken together
these results demonstrate that protumor inflammatory signals transmitted through
TNF receptors are not complementary, but opposed: p55TNF-R mediates
promalignancy inflammation and p75TNF-R quenches that pathway.

Among the triggers of promalignancy inflammatory mechanisms, we demons-
trated, that IgGs developed against soluble and shed tumor associated antigens
(sTTA) are a major trigger of protumor inflammation. We also demonstrated that by
knocking out the B cell receptor (BCR), mice do not develop anti-sTTA IgGs, 90% of
mice reject the tumor challenge entirely, and from the 10% that develop tumor, only
20% recur after tumor ablation.

Cloning and investigating the IgG-VH sequences, transcribed in lymphocytes and
plasma cells, from bone marrow, spleen, and tumor stroma, we also observed that
tumor infiltrating plasma cells produce a distinctive family of IgGs. The induction of
random expression of these VH peptide sequences in mice, by in vivo transfection into
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muscle cells, with VH expressing vectors, reduced tumor progression in a significant
manner. All these studies indicate that: (1) The use of TNF blockers (such as
infliximab and adalimumab) and p55TNF-R blockers (such as lenercept) may have
therapeutic benefit in oncology. (2) p75TNF-R blockers (such as etanercept) could be
detrimental in oncology. (3) Active or passive immunization against sTAA, such as
sTn and others, could be absolutely detrimental in cancer immune therapy. (4) Active
or passive humoral immunization against membrane integrated tumor cell antigens
should be carefully tested. (5) Investigation of IgG expressed in tumor infiltrating
lymphoid cells, could convey important knowledge about the immune responsibility
in tumor progression.

1. INTRODUCTION

We have previously insisted on the essential role of the humoral immune
response to the most important traits of malignant growth as invasiveness and
metastasis. Actually, antibodies raised against tumor antigens can promote
tumor cell invasion. The mechanisms where by this works are multiple, but can
be summarized as promoting local inflammation and tissue remodeling, includ-
ing extensive angiogenesis.

Experimentally we collected evidences that G immunoglobulin (IgG)
bound to specific tumor antigens, forming immune complexes can activate
macrophages, which facilitate tumor cell progression through barriers of con-
nective matrix [1]. In vivo experiments allowed us to collect consistent evi-
dences that the presence of antitumor IgG favors tumor growth [2], as
corroborated by others [3], and most important tumor cell invasion [2].
Moreover, combined in vitro and in vivo experiments showed that tumor angio-
genesis is mainly supported by stroma cell-derived vascular endothelial cell
growth factor (VEGF), not by tumor cell-derived VEGF, displacing the tumor
cell expression of VEGF to a secondary, anecdotic responsibility in tumor
growth biology [4]. Additionally, antitumor antigens IgGs promote macro-
phage infiltration of the tumor growth front, and consequent local VEGF
paracrine release.

These results, and many reported by other researchers, are changing the con-
ceptual core of tumor progression [5], which assumes that tumor malignant
behavior is auto-fostered by the wrong behavior of tumor cells. Tumor cells
carry genetic alterations that compromise the cell cycle control, changing pat-
terns of growth and death. However, malignant tumors do not gain the qualifi-
cation of “malignant” only from their vicious growth or extended cell life. They
are malignant because the neoplastic tissue invades the surrounding structures
and grows in wrong sites, distorting other organ functions.

Many published data show that the genetic changes, taking place in the tumor
cell, concur with constellations of gene miss expressions, conductive to a variety
of new cell phenotypes [6]. It is understandable that analyses of those alter-
ations suggest that certain adequate phenotypes could have characteristic
invasive and metastatic features.



Classic investigations pointed out the existence of tumor cells better prepared
to invade and develop metastases (metastatic phenotype) [7]. These cell sorts can
be selected and can maintain their metastatic ability in culture [8]. This concept
was completed with experiments supporting the concept that specific environ-
ments are prone to host certain metastatic phenotypes [9], combining the “seed
and soil” hypothesis, empirically initiated by Paget in late 1800s [10], which
implies that cancer cells must find a suitable “soil” in a target organ for metas-
tasis to occur. However, the definition of this soil and the differences between
singular soils has not yet been described [11].

Typically, invasion and metastasis have been linked as two steps of the
metastatic process or the metastasis cascade [12]. It is evident, that both share
some common mechanism, and that metastasis development is dependent on
prior successful invasion. Nonetheless, there is no vice versa. Tumors could be
invasive, but emigrant tumor cells could fail in achieving metastatic growth [13],
although, all metastasis are invasive.

In the classic vision of the metastasis cascade, invasion ends with tumor cell
intravasation, and metastasis starts with tumor cell arrest, followed by tumor
cell extravasation, which actually is an act of invasion, probably based on the
same mechanisms by which tumor cells detach from the primary neoplasm and
progress through the connective matrix. After that invasive act, neoangiogenesis
and growth follow the same rules. Therefore, tumor cell arrest is the only singu-
lar act of the metastasis cascade that defines the metastatic phase.

Tumor cell arrest has been largely studied [14], and the most common finding
is that it is governed by the same mechanisms of the inflammation-related cell
arrest and tissue infiltration [15,16,17].

The fact that many released tumor cells do not form metastasis was described
under the concept of “metastatic inefficiency” [18], a phenomenon attributed to
diverse causes [19], including immune surveillance dependent elimination of
tumor cells, before or after their ectopic arrest and colony formation [20].

Although the lack of effective tumor immune rejection in common circum-
stances suggests that the immune system actually ignores the tumor [21], there
is old and broadly supported evidence showing that the immune system is
aware of the existence of neoplastic tissue in the body. The immune system
develops a humoral antitumor response characterized by the presence of anti-
tumor antibodies in the patient’s serum. Tumor infiltrating B-lymphocytes
release Ig (predominantly IgG) reacting with autologous tumor targets and
allogenic tumor targets of the same histology, but not against tumor targets of
different histology [22]. Collectively it also develops a T cell response against
the same Ags or others [23] that can even delete the tumor in experimental and
infrequent circumstances [24,25]. The summarized conclusion of all these
observations is that the immune system in natural scenarios reacts, stimulated
by tumor antigens, but that reaction is not tumor-destructive. Moreover,
classic experiments demonstrate that animals sensitized against an oncogenic
virus or against certain tumors, are more susceptible to develop tumors when
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they are infected with the specific virus [26], or receive implants of the specific
tumor [27].

This paradox can be explained by some of the natural costs of the humoral
immune response: All immune responses induce local inflammation in the anti-
gen environment, and there is accumulated experience to show that inflamma-
tory cytokines and factors, carried by myeloid cells and lymphocytes into the
tumor environment [28,29] are welcomed by the neoplastic cells and actually
promote tumor growth [4], invasion and metastasis [30,31].

This immune-inflammatory tumor promoting result is not only a sustaining
factor for well-established tumors; it is in fact, when chronic, a major onco-
genic mechanism [32,33]. Remarkably, chronic inflammatory degenerative
human pathologies, considered autoimmune diseases, such as rheumatoid
arthritis and Crohn’s disease, have in common bizarre humoral immune activ-
ity against tissue antigens, and myeloid cell infiltration of the damaged tissues.
Actually, it is well accepted that long-term antiinflammatory treatments, sim-
ilar to the ones used for autoimmune disorders, reduce the incidence of certain
tumor types [34].

We have studied the influence of the antitumor humoral immune response,
and the effect of the myeloid cell infiltration of the tumor environment, in the
progression of the strictly malignant characteristics of neoplastic tissues: inva-
siveness, recurrent growth, and metastasis. These are all firmly associated with
matrix degradation, tumor cell migration and angiogenesis.

Our in vitro models of tumor cell invasion showed that tumor cells alone were
disappointingly poorly invasive, and truly significant invasion of synthetic
matrix by those tumor cells was fully achieved only when concurred: (1) tumor
cells, shedding a characteristic sTAA; (2) the specific anti-sTAA IgG; (3)
macrophages; and (4) granulocytes [1]. Moreover, in vivo models demonstrate
that exogenous anti-sTAA IgG supply exacerbates the progression of tumors
shedding the precise TAA, promoting tumor invasion, recurrence, and metasta-
sis, with concomitant monocyte infiltration [6].

2. RESULTS AND DISCUSSION

2.1. Tumor infiltrating macrophages contain TAA and IgGs in phagosomes

Tumor-associated macrophages (TAMs) are present in areas of the tumor tissue
close to the tumor progression front and normally associated with areas of
ongoing neoangiogenesis [35], in principle corresponding to hypoxic areas.
TAMs are apparently attracted by low oxygen environments and respond to the
levels of hypoxia found in tumors by upregulating transcription factors such as
hypoxia-inducible factors 1 and 2 (HIF-1, 2), which can activate a broad array
of genes, including mitogenic, proteolytic [36], proinvasive [37], and proan-
giogenic factors [38]. This could explain the empiric association of high num-
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bers of TAMs and poor prognosis observed in various forms of cancer [39].
However, in human tumors, with a defined polarity such as colon cancer, TAMs
accumulated close to the tumor surface were also eminent. That infiltration was
present in connective matrix between dysplastic glands with apparently good
blood supply. The monocyte-attracting factors of these tumor areas are not yet
known [40].

We studied biopsies of human colon cancer and experimental adenocarcino-
mas, grown in mice, and the cytoplasm content of TAMs associated with both
the tumor surface and the progressive front. In all cases the macrophage content
of mucins or mucin-related antigens was prominent, as disclosed by peroxidase-
conjugated B72.3-MAb, an ati-sTn monoclonal antibody (Figure 26.1). This
shows that dysplastic cells are leaking mucin (i.e., sTTA) to the interstitial
spaces, and that TAMs capture them. Therefore it is likely that TAMs are
attracted to the tumor microenvironment, not only by hypoxia, but also by TAA
concentration in the interstitial space.

Mucin phagocytosis by TAMs has a special meaning in the case of adeno-
carcinomas, because macrophages in contact with mucin produce cyclooxyge-
nase-2 (COX-2), which favors local inflammation and recruitment of
inflammatory cells [41], enhancing the probabilities of tumor cell invasion and
growth. Therefore, it is predictable that these macrophages additionally
contribute promoting tumor cell growth and invasion, through the same mech-
anisms observed in hypoxia-recruited monocytes.
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Figure 26.1. Tumor-associated antigen (TAG72, sTn antigen) and IgG phagocytosis by tumor infil-
trating macrophages (TIM) in human colon cancer: (A) most frequent site of macrophage infiltra-
tion with TAG72 phagocytosis, in connective tissue, in close contact with dysplasia and early
transformation. Immune staining with peroxidase-conjugated B72.3 MAb. (B) Detail of proximity
between TIM and dysplasia, which cells do not contain TAG72. (C) Scavenger morphology of TIM.
(D) Same group of TIM stained with peroxidase-conjugated antihuman IgG. TIM showing IgG
phagocytosis.



Some in vitro experiments suggest a cytocidal role of TAMs as antitumor
effectors; however, we never observed signs of tumor cell death in the proximi-
ties of TAM, but we frequently observed signs of basal membrane fading and
dysplastic cell displacement towards the interstitial space.

Mucin and derivates have been shown to be potent TAA [42,43]; therefore, we
tested the possibility of tumor bearing mice having spontaneous anti-sTn anti-
bodies. All studied mice, developing an experimental isogenic adenocarcinoma,
showed significant serum titers of anti-sTn antibodies, mainly IgG (not shown).
Likewise, in cancer patients, the existence of serum titers antitumor antibodies
is frequent [44,45].

We studied histology sections of human and experimental tumors stained
with peroxidase-conjugated anti-IgG antibodies, and observed that many TAM,
located in the areas with positive cytoplasm for sTn antigen, also showed posi-
tivity for IgG (Figure 26.1). This indicates that TAM could scavenge immune
complexes formed with leaked TAA and anti-TAA IgG delivered in the envi-
ronment, thus triggering local inflammation, modulated by the coordinate
expression of activating and inhibitory Fc gamma receptors [46] (FcγR)

2.2. TAA are massively presented on follicular dendritic cells of the tumor
regional lymph nodes

After the development of certain anti-TAA mouse monoclonal antibodies, mul-
tiple tumor cell targeting tests were performed. Using radio-labeled monoclonal
antibodies many studies focused on pharmacokinetic analysis of antibody dis-
tribution after intravenous delivery [47]. Most of those studies concluded that
tumor cell targeting was acceptable in experimental models, but in many cancer
patients, tumor cells were not the main concentrators of those antibodies [48].
Most assays demonstrated that spleen and lymph nodes (LNs) concentrate
heavy amounts of anti-TAA antibody [48].

That diversion of specific anti-TAA antibodies to lymphatic structures was
initially interpreted as result of either the presence of tumor cells in those lym-
phatic structures or a sign of development of human anti-mouse antibodies
(HAMA) [49]. However, histochemical staining of tumor cell markers in radio-
labeled LNs failed to demonstrate the presence of tumor cells. Moreover, simi-
lar radio-labeled LNs (germinal centers) were also detected in patients with
benign gastrointestinal diseases [50]. Those disappointing results opened a
debate about the nature of the important concentration of radio-labeled anti-
TAA in LNs lacking tumor cells [51,52].

Histochemical staining of the targeted TAA showed that the highest concen-
tration of anti-TAA was in the germinal centers of those radio-labeled node fol-
licles. One of us (Sampsel, J.W.), investigating human colon cancer samples, by
autoradiography and histochemistry, showed that TAA coated follicular den-
dritic cells (FDCs) of spleen, regional LNs, and follicles of the intestinal
mucosa, and was embedded in the tumor matrix. These results lead to the most
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acceptable interpretation: germinal centers were presenting TAA to B cells in a
process of immune response and clonal selection (Figure 26.2).

To assess the influence of that massive TAA presentation, we retrieved clini-
cal data from 15-year-old clinical trials of radio immune guided surgery [53] per-
formed on stage 2 and 3 colon cancer patients. All these patients were classified
in two groups: those in which all radio-labeled LNs were completely removed,
and those in which the radio-labeled LNs were detected and recorded but not
completely removed. Those data showed that radical selective lymphadenec-
tomy of TAA-containing LNs, significantly reduced recurrence rate and
improved 10-year survival of those cancer patients [54].

These conclusions indicated that the TAA presentation in germinal centers
could be associated with IgG affinity maturation by somatic hypermutation
of anti-TAA antibodies. These affinity-selected antibodies could be implicated
in shed TAA recognition, immune complexes formation in the tumor environ-
ment, inflammatory cells recruitment, and tumor cell invasion promotion
(Figure 26.3).

2.3. LTα− knockout mice show augmented tumor cell rejection, and reduction
of tumor recurrence

LTα-deficient (LT-alpha−/− or LTα −/−) mice have congenital absence of LNs
and Peyer’s patches and defective spleen follicle structure. The splenic white pulp
lack discrete T and B lymphocyte zones, and there are no FDC clusters or ger-
minal centers (GCs) [55].

Experimentally immunized LT-alpha−/− mice with sheep red blood cells
(SRBC) produced high levels of antigen-specific IgM, but no IgG in either
primary or secondary responses, demonstrating failure of Ig class switching.
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Figure 26.2. TAA (TAG72) presentation in germinal centers of tumor regional lymph nodes: (A)
hyperplasic follicles with germinal centers showing intense peroxidase immune staining of TAG72
(with peroxidase-conjugated B72.3 MAb). (B and C) Details of TAG72-positive staining on follicu-
lar dendritic cells.



The altered LN microenvironment characteristics of these mice results in
impaired ability to switch to a productive IgG response [56].

Furthermore, these mice have dramatically impaired ability to generate high-
affinity IgG, which reinforces the concept that germinal centers and FDCs anti-
gen presentation are essential for affinity maturation [57].

To investigate the influence of the germinal center TAA presentation in pro-
moting tumor progression we performed tumor growth and recurrence evalua-
tion in LTα −/− mice, in which lymphocytes are normal but the germinal centers
are absent.

A group of 6 LTα −/− mice were injected with 105 B16F10 melanoma cells
into the spleen and sacrificed 7 days later. Seven days after tumor cell injection,
livers from LTα −/− mice showed no metastases. One hundred percent of the
liver sections did show only important lymphocyte clusters accumulated in the
subendothelium of the portal venules (Figure 26.4). The same lymphocyte clus-
ters and in the same frequency and size were observed in control LTα−/− mice,
not challenged with tumor cells.
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In order to increase the chance of metastasis, an additional group of 6 WT
mice and one group of LTα −/− mice received 5× 107 B16F10 melanoma cells
into the spleen and were sacrificed after 7 days. All WT mice showed visible
macroscopic metastasis on the liver surface, but not the LTα −/− mice. Under
the microscope, 100% of the WT mice livers did show increased number of
metastases compared with the controls with low dose of tumor cells. However
none of the LTα −/− livers showed metastases.

As an additional experiment, two groups of six mice each (WT and LTα −/−
mice) were challenged with 106 Lewis lung carcinoma (3LL) cells injected sub-
cutaneously in the flank. We selected this tumor because it is a lung-derived
metastatic carcinoma, and because it expresses sTn antigens. After 2 weeks the
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subcutaneous tumors formed were surgically excised and the wound was prop-
erly treated. All mice were sacrificed and lungs and livers were explored for
macroscopic and microscopic metastases after 15 days. Lungs of 80% of the WT
mice showed metastases, and only 20% of them had liver metastases. However,
no metastases were found in livers and only one metastasis was found in lungs
of LTα −/− mice (Figure 26.5).

In specific experiments for tumor recurrence, groups of control mice (WT)
and LTα −/− mice were injected with 5 × 105 Lewis lung tumor cells subcuta-
neously. Tumor development was followed, measuring tumor diameters daily.
One hundred percent of control mice developed tumors of 5 mm diameter in
less than 21 days. However, tumors developed slower in LTα −/− mice, and 25%
of them never developed tumor (Figure 26.4A).

To test the rate of recurrence of those tumors in both host types, groups of
both WT and LTα −/− mice were challenged with 106 tumor cells, injected sub-
cutaneously in the left flank at 8 mm distance from the spinal cord and the hip.
When the tumors were 5 mm in diameter they were carefully excised with wide
margins, removing a skin patch of 10 mm diameter from the tumor center.
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Subjacent aponeurosis was carefully cauterized with an electric cautery and,
finally the skin sutured.

The evolution of the wound was followed in all mice. In the cases where
tumors recurred locally, mice were sacrificed when tumors reached 10 mm in
diameter, and autopsied. In other cases, 63 days after surgery all mice were sac-
rificed and autopsied.

Close to 50% of the WT mice developed local recurrence of more than 1 cm
in less than 30 days, and 100% in 50 days. However, 50% of the LTα −/− mice
developed local recurrence in 80 days, and 50% never developed either local
recurrent cancer or metastases (Figure 26.4B). Moreover, the recurrent tumors
showed slower growth in LTα −/− mice compared with controls (Figure 26.4C).

These results indicated that in hosts without LTα production, tumor cell inva-
sion and tumor recurrence is less successful. The defect in tumor metastasis or
local recurrence shown in LTα −/− mice can be attributed to an IgG partial defi-
ciency, caused by the absence of germinal centers and by B lymphocyte func-
tional failure, because it has been demonstrated that LTα + lymphocytes are
needed to support the development of strong secondary and memory IgG
responses [58]. However, immunoglobulin affinity maturation is not totally
suppressed in these LTα −/− mice [59], and this could be the explanation for the
partial protection against tumor growth and recurrence observed in these mice.

Other potential explanation to the tumor progression impairment shown in 
LTα −/− mice, excluding the LNs defect, is the fact that LTα is an inflammatory
cytokine [60] that shares receptors and is close in function to TNFα [61].
Therefore, the observed decreased tumor progression in LTα −/− mice could be
either secondary to incomplete B cell immune response or, alternatively, due to
deficiencies of the particular LTα−dependent inflammatory response [62], or
could be both.

2.4. B cell-deficient mice show reduced tumor growth and recurrence

Taking into consideration that LTα −/− mice do not develop germinal centers
and the B cell response against the tumor could be altered, and that tumor infil-
trating macrophages contribute to the tumor progression in association with
antitumor humoral immune response, we decide to further investigate the B cell
involvement in tumor progression. We tried to reduce in normal mice the 
B cell response ability to the tumor challenge by treating them with high doses
of anti-IgM to induce considerable B cell apoptosis [63], beginning the day
after tumor challenge. Flow cytometry showed that injections of anti-IgM anti-
bodies reduced the circulating B220+ cell population in all treated mice up to
70%. However, no significant effect was observed on tumor evolution (Figure
26.5A). Only a significant delay in recurrence progression was evident 
(Figure 26.5B).

Taking into account our LTα −/− mouse model of tumor progression sug-
gested, but did not clarify, the involvement of the B cell response to TAA, and

ANTITUMOR-ASSOCIATED ANTIGENS IGGS 351



clonal selection, in promoting tumor progression, we decided to investigate the
tumor recurrence dynamics in µMT/µMT mice [64], which lack BCR.

In the absence of BCR, B cells do not respond to antigens and, therefore,
ignore and do not present antigens, including TAA in tumor cell implantation
experiments. Although this mutation does not involve either T cell function and
or tumor cell rejection associated with antigen presentation in MHC context, it
collaterally impairs T cell functions [65]. In these circumstances (total absence
of humoral immune response, and feeble cellular immunity), antitumor immune
surveillance should be weakened [66], and tumor progression should actually be
enhanced.

As expected, tumor tissues of those BCR-KO mice did not show
immunoglobulin embedding the matrix. However, against the logic of weakened
immunosurveillance, experiments of tumor implant, tumor ablation, and tumor
recurrence, showed that subcutaneous tumor only grew in 10% of the animals,
compared with 100% in animal controls, injected with identical quantities and
class of tumor cells (Figure 26.5C), and from that 10%, recurrence after tumor
ablation was only 20% (Figure 26.5D).

Similar results were obtained by others experimenting with SCID mice with
reconstituted T cell function by T cell transplantation. Those experiments also
showed that tumors grew more slowly in and were rejected more frequently by
the mice lacking B cells [67].

Recently, using a model of genetic elimination of mature B lymphocytes in a
transgenic mouse model of inflammation-associated de novo epithelial carcino-
genesis, it has been shown that neoplastic progression to development of epithe-
lial hyperplasias fail to recruit innate immune cells in the absence of B
lymphocytes. Moreover, adoptive transfer of B lymphocytes or serum from nor-
mal tumor bearing mice into B cell-deficient mice restores innate immune cell
infiltration into premalignant tissue and reinstates chronic inflammation,
neoangiogenesis, hyperproliferative epidermis, and finally, full malignancy [68].

This model, like we described before, links tumor progression to inflamma-
tory cell infiltration, and implicate B cells and antibodies as the inflammatory
cell recruiters. Therefore, supports the concept that B-lymphocytes are required
for establishing chronic inflammatory states that promote tumor progression,
including de novo carcinogenesis.

We did additional experiments to demonstrate the direct implication of tumor-
primed B cells in promoting tumor progression. Met-129 mammary tumor cells
were subcutaneously injected in isogenic immune competent mice. Using
immunomagnetic procedures, CD19+ lymphocytes, or B220+ Lymphocytes 95%
pure concentrates were obtained from either normal mice spleens, or from Met-
129 growing tumors. One hundred thousand cells of either a mixture of 80%
tumor cells and 20% spleen-derived B cells, or 80% tumor cells and 20% tumor-
derived B cells were tail vein injected in three groups of full immune competent
mice. Mice, which received tumor cells with normal lymphocytes, developed the
same amount of lung metastases that mice injected with the same dose of tumor
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cells alone. However, all mice receiving tumor cells with tumor-derived B-lym-
phocytes developed significant more lung metastases (Figure 26.6).

The tumor growth timing of those last experiments (only 14 days evolution),
indicated that tumor-primed B cells act directly as promoters, and not through
a systemic immune system tolerization, caused by B cell TAA presentation in the
priming phase, that could result in disabled CD4+ T cell help for CTL-mediated
tumor immunity, as claimed by others [69]. Therefore, independently of other
side effects [70] on the antitumor combined immune response, TAA reacting 
B-lymphocytes show the ability of promoting tumor growth as direct triggers of
focal inflammation in the tumor core.

Actually, absence of CD4+ cells has been associated with decreased tumor
growth [71] and metastasis [20]. However, this observation has been mainly
explained as a consequence of T regulatory cells (Treg) [72,73,74] reduction,
while those are CD4+ cells. To this concept contributed the fact that although
cancer patients can show significant numbers of CD8 and CD4 T cells with
specificities to tumor antigens, in most cases, such T cells fail to eradicate the
tumor in vivo. Studies on T cell populations supported the explanation that the
Ag-specific CD4(+)CD25(+) regulatory T cells interfere with the tumor-specific
CD8 T cells, involving TGF-beta [75].
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Figure 26.6. Transmitted predisposition to tumor metastasis by B cell transplant. Lung metastases
developed in mice transplanted with normal B-lymphocytes obtained from normal donor mice
(upper row), compared with lung metastases developed in mice transplanted with B-lymphocytes
obtained from identical tumors grown in isogenic mice. B-lymphocytes were selected either by anti-
CD19 bead-conjugated MAb (TI-CD19), or by anti-B220 bead-conjugated MAb (TI-B220). B-lym-
phocytes were administered by intravenous injection (tail vein) mixed with tumor cells in proportion
of 1:5 lymphocyte/ tumor cells.



That explanation depends on the T cell function pondered in the tumor rejec-
tion context, but does not consider the tumor promotion effects observed in
multiple experiments. Only if promotion is considered equal to lack of rejection
could that explanation be completely acceptable. However, the inflammatory
events in the tumor can either destroy tumor cells or actually promote tumor
growth through neoangiogenesis, proteolysis, and many other inflammation-
associated mechanisms. Without discharging the CTL possible impairment due
to CD4+ Treg cells, we consider foremost that CD4+ T cells promote B cell pro-
liferation [76], are the major contributor to B cell selection and isotype switch-
ing, and that CD4+ reduction inhibits B cell differentiation [77]. In this context
our experiments of tumor recurrence in CD4-KO mice and SCID models can be
well explained.

Using the same model of tumor recurrence evaluation, we tested the tumor
behavior in different T cell deficient mice. Tumor growth was slower in CD4-KO
mice, with unaltered CD8+ population, than in controls, and more than 50% of
those mice never developed recurrence in 60 days experiments, compared with
controls, which showed a 100% recurrence in less than 20 days (Figure 26.7).
These results could be interpreted as a noninhibited CD8-mediated CTL func-
tion against tumor cells. However, practically identical results were obtained in
experiments of tumor recurrence that we executed on RAG−/− and SCID-beige
mice, in which all CD4 T, CD8 T, and B cell functions are absent (Figure 26.5).
The common factor of all these experiments was an impaired B cell function,
independently of the CTL activity, which is present in CD4−/− mice, absent
except for NK activity in RAG−/− mice, and completely absent SCID-beige
mice, and all of them showed 50% probability of recurrence versus 100% in full
immune competent mice. However, experiments in which only B cell population
is affected, tumor recurrence and B cell potential correlated (Figure 26.4B). In
consequence we cannot discharge either the hypothesis that reduced tumor
growth in CD4-KO mice is due, at least in part, to a handicapped B cell selec-
tion in the germinal center or in other lymphatic structures, a proposition also
sustained by others [78].

All these observations reiterate the indication that a B cell system based
autoimmune response against antigens presents in the tumor environment
causes an inflammation cascade that promotes tumor growth, invasion, and
metastasis. Like in most autoimmune diseases the nature of the antigens and
antibodies involved in cancer pathology is elusive.

2.5. Tumor infiltrating lymphoplasmacytic cells produce a distinctive family 
of VH-IgGs

Some studies have focus on understanding the nature of TAAs that stimulate the
production of specific antitumor antibodies. Analysis of human systemic immune
responses against cancers allowed the identification of a number of TAAs [79].
The existence of these antigens indicates that cancers can be immunogenic.
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Furthermore, tumor-associated antibody responses and circulating autoanti-
bodies against tumor antigens have also been described in cancer patients
[80,81,82]. The nature of these autoantibody responses is not fully understood,
and a major concern exists about whether these autoantibodies directly relate to
an immune response against the cancer process. Close molecular and clonal
analysis of antibodies, produced by tumor infiltrating lymphoplasmacytic, have
shown that there is a truly antitumor humoral immune response, and that this
response is oligoclonal; therefore, indicating a response generated by specific
antigens [83]. Curiously, some of the identified TAAs inducing autoantibody
production are normal proteins, such as actin released and exposed during cell
apoptosis [84] and huntingtin-interacting protein 1 (HIP1) [85], a nuclear pro-
tein, androgen receptor regulator [86]. However, whether these antigens are
responsible for such damaging inflammatory responses remains unknown.

With the aim of identifying antigens and autoantibodies involved in this
tumor-promoting immune response, we followed a new approach. We attempted
to generate in the hosts an indirect anti-idiotypic response against antitumor
autoantibodies produced in tumor bearing animals.

In a preliminary, highly hypothetical, experimental scheme we forced in hosts
the expression of VH sequences (idiotypes) from a library obtained from tumor
infiltrating lymphoplasmacytic cells. Hypothetically, the hosts will generate
antibodies against these peptides (anti-idiotypes) as observed in humans after
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injection of antitumor antibodies [87], and these could downregulate the
autoimmune response [88]. The rates of tumor growth and recurrence will be the
preliminary indicators of a possible autoimmune control through these specific
VH idiotypes.

Groups of mice received 3LL carcinoma cells subcutaneously, and developed
tumors. When tumors grew up to 1 g they were dissected, the necrotic areas dis-
carded, and the RNA extracted. Spleens of the same mice were also removed,
the RNA extracted, and treated separately. PoliA RNAs were purified, and the
hyper variable IgH V(D)J region was amplified by reverse transcriptase-PCR,
using a primer that hybridizes to the third framework region of the
immunoglobulins V segment and a second primer that hybridizes to the con-
sensus sequence of J segments.

The VH cDNA segments were cloned and a library of VH sequences was made.
This library was divided in four segments: From mice group #1, two segments cor-
responding to tumor-extracted RNA (T#1), and spleen-extracted RNA (S#1).
From mice group #2, the same criteria were followed, and the sequences were clas-
sified according to the RNA source as T#2 and S#2 (Figure 26.8).

From that library a total of 25 clones were randomly selected from each
segment. The total 100 cDNA clones were sequenced and clustered by phenetic
distances [89], based on length and sequence of the reading frames (indirect
aminoacid sequence).
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Four clear clusters appeared (Figure 26.9) and from them, the most intri-
guing was one that contained a major proportion (>92.8%) of tumor derived
sequences (Figure 26.9, C1, red and blue arrows). From these tumor-derived
sequences 3 and 2 were hyper variations of two clones, but the others
appeared to be originated by separated clones. The phenetic distance between
these and the other clusters were high enough to consider that they consti-
tuted particular clones associated with the tumor infiltrating lymphoplasma-
cytic cells.

These sequences were selected and individually installed in pTracer vectors
(Invitrogen), which are mammalian expression vectors engineered to constitu-
tively express Cycle 3 GFP, an optimized version of green fluorescent protein,
which allow identification of transfected cells 24–48 h posttransfection.

Vectors containing those sequences were combined in equal proportions and
injected into the Tibialis anterior muscles of a group of mice, following a
procedure designed to achieve a productive transfection of muscle cells [90]. As
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controls, an additional group of mice were identically treated, but with pTracer
vector without VH sequence. The injections were repeated every 4 days for bet-
ter immunization [91] and after 7 days, two randomly selected mice were sacri-
ficed, and sections of muscle observed under fluorescence microscopy to assess
the GFP expression level.

After 20 days of the first injection, mice from a control and test groups, from
which the random sample showed high expression of GFP, were challenged with
106 3LL cells, injected subcutaneously. Tumor growth was monitored by exter-
nal measurement in control and test groups.

Two subgroups of control and test mice were separated when the tumor
reached 5 mm diameter. In these mice tumors were removed, and the tumor
recurrence process monitored.

The tumor progression study showed significant tumor growth retardation in
animals transfected with tumor-derived VH sequences compared with control
mice (Figure 26.10A). In addition, recurrence experiments showed a drastic
reduction of tumor reappearance in mice transfected with tumor-derived VH
sequences (Figure 26.10B).

These studies, although preliminary, indicate that the hypothesis of existing
antitumor autoantibodies involved in promoting tumor progression, like in
other autoimmune processes, could be real.

2.6. Tumor-infiltrating plasma cells may be specific and tumor auto supply 
of immune globulins

As described above the tumor regional LNs contain plasma cells and germinal
centers, where TAA are massively presented on FDCs, suggesting that these
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LNs could be supplying IgGs, sustaining a chronic inflammatory induction in
the tumor core, where TAA is leaking into the connective matrix [92].

Many tumors show significant quantities of infiltrating plasma cells contain-
ing IgG that react with TAA [93], particular IgG-RNA sequences [94], and IgG
that reacts with both TAA [95] and normal cell antigens [96].

In previous experiments we injected subcutaneously breast carcinoma cells
expressing a specific TAA (sTn), together with 10% myeloma cells secreting
monoclonal anti-sTn IgGs. Results of those experiments showed a spectacular
increase of tumor growth and metastasis, and a mixture of carcinoma cells and
myeloma cells in primary tumor and metastasis (not shown). These results rein-
forced the hypothesis of specific IgG-mediated tumor promotion, and high-
lighted the possibility that tumor-infiltrating plasma cells could be involved in
such tumor-promoting effect in a paracrine manner.

In consequence, we studied statistical significant numbers of human colon
carcinoma biopsies, H&E stained and immune-stained, in which infiltrating
plasma cells were counted and topographically localized with coordinates.

Plasma cells were found in nonrandom distribution. Concentrated in limited
areas of the tumor, showing spots of very high incidence (Figure 26.11) in asso-
ciation with small capillaries, lymphatic and hematic, most of them with red
blood cells inside, suggesting that they were permeable.

A bird’s eye view analysis of the plasma cell concentration areas, showed two
sorts of them: one in the vicinity of dysplastic to neoplastic transformation
(Figure 26.11 stars), and another located in the submucosa, opposite to the
tumor invasion fronts (Figure 26.11 circles).

A close analysis of those plasma cells showed a trend of association: plasma
cells are surrounded by lymphocytes and eosinophils, combinations compatible
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Figure 26.11. Map showing locations of highly concentrated plasma cell infiltration in a section of
human colon cancer. Most of these clusters are located in the tumor invasion front (circle). Other typ-
ical location is the areas of dysplasia, in transformation to invasive tumor (stars).
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Figure 26.12. Aspects of tumor plasma cell infiltration. (A) Hematoxylin and eosin attaining. Image
of focal invasive dysplasia, with the triad of components: tumor cells (TC) protruding into the con-
nective matrix underneath the basal limit, plasma cells (PC), and eosinophils (E). (B) Peroxidase-
conjugated antitumor-associated antigen (TAG72) MAb (B72.3) staining. Matrix embedded with
tumor-associated antigen and plasma cells coated with tumor-associated antigen. Detail of plasma
cell coated with tumor-associated antigen in top-right close caption.

with Th2 microenvironments [97] (Figure 26.12A). Completing that scenario
was fibroblastic activity, and all in the near vicinity of capillaries and tumor
cells, which were protruding through the basal membrane into the connective
matrix (Figure 26.12A). That cellular association in neoplasia was especially
evident in rare sclerosing tumors [98,99] and has not commonly reported in the
most frequent tumor types except for Hodgkin lymphomas [100]. However, it
was broadly repeated in all colon carcinomas studied.

Immune histochemistry staining studies showed the existence of TAA embed-
ding the matrix in those spots, and frequently coating plasma cells (Figure
26.12B), together with IgGs.

The reiteration of this portrait in all tumor sections studied, pointed out the
existence of a cellular structure defining foci of invasive dysplasia. These focal
invasive dysplastic points could represent sites of antitumor invasion immune
response, stimulated by the local presence of concentrated TAAs. The unan-
swered question remains as to which is the result of that focal confrontation.

Some experimental investigations insinuated that plasma cell infiltration
could lead to tumor growth promotion [101]. A more general confirmation of



this hypothesis will indicate that the above-mentioned confrontation terminates
in favor of the tumor cell progression. However, some opinions, based on
clinical data, sustain that the better clinical outcome of the medullary carci-
noma of the breast is due to the presence of a prominent lymphocytic and
plasma cellular infiltrates in the tumor stroma. These scientist suggest that in
these tumors certain B cell clones were expanded, and transformed
in plasma cells, possibly in response to specific tumor-associated stimuli, and
that controlled the tumor progression, based on specific production of antitu-
mor IgG [102,103]. On the other hand, broader studies on clinical cases of a
variety of breast pathology, associate heavy plasma cell infiltration with malig-
nancy [104]. Other studies on normal breasts, and in patients with heredi-
tary high risk of breast cancer, have associated lymphocyte and plasma 
cell infiltration with premalignant alterations, which are prone to malignant
transformation [105].

Our observations on a significant number of these points of focal invasive
dysplasia showed no signs of cell death in any case, and a study of evolutive
images clearly indicate tumor progression. The fact that in these points of tumor
progression is where plasma cells appear concentrated, added to results of our
in vitro experiments, in which cultured tumor cells expressing a specific TAA
increased proliferation when the medium was supplemented with the specific
anti-TAA IgG [2], strongly suggest that infiltrating plasma cells can participate
in a process of tumor promotion.

Moreover, the constant coincidence of eosinophils in these points of focal
invasive dysplasia reinforces the idea that these are points of localized inflam-
mation, similar as those of progressive tissue remodeling, existing in autoim-
mune diseases such as rheumatoid arthritis, where plasma cells infiltrate [106]
and even proliferate [107] in the active inflammation sites.

The inflammatory role of tumor infiltrating eosinophils is also controversial.
Some medical studies in gastric cancers suggested that tumor eosinophilia is
sign of better clinical evolution [108]. However, later studies on cervical cancer
tinged that assertion, explaining that infiltrating eosinophilia is associated with
a good prognosis only if there is not peripheral blood eosinophilia, otherwise
tumor infiltrating is a sign of fatal prognosis. Moreover, in these studies it was
observed that infiltrating eosinophils were constant in progressive metastases
[109]. Lately, studies on carcinomas of larynx [110], vulva [111], and cervix
[112], showed that infiltrating eosinophilia is definitively associated with tumor
cell invasion.

In our experience, tumor-infiltrating eosinophils appear associated in the
triad “invasive tumor cell–eosinophil–plasma cell” at the focal invasive dyspla-
sia points. Where eosinophils are located, frequent signs of degranulation,
matrix disorganization, and cell death, involving mainly plasma cells and rarely
tumor cells, are regularly observed close by. This reinforces the hypothesis that
this set of cells, in a Th2 cytokine environment, in a matrix embedded of TAA
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and IgG, may very well signify units of tumor invasion and progression.
However, the fate of these units cannot be predicted without the precise knowl-
edge of the cytokine microenvironment.

Eosinophil survival and degranulation is importantly influenced by the
immune globulin involved in their activation (IgA or IgG), the Fc gamma RII
status [113] and the cytokine microenvironment. The presence of IL-5 and
TNFα [114] promote degranulation and attract eosinophils, and the IFNg pres-
ence, inhibits such degranulation [115]. Moreover, eosinophil degranulation may
have either a relaxing (favoring tumor cell invasion) or a cirrhotic (impairing
tumor cell migration) effect on the local matrix, depending on the presence or
absence of TNFα[116].

The presence of TNF in the microenvironment could be suspected because
the presence of plasma cells, which need TNF for proliferation and differentia-
tion [117]. Moreover, TNF could be released by infiltrating Th2 cells,
macrophages of the stroma, the same plasma cells [118], as an effect of the
inflammatory environment, and possibly by tumor cells, all present in the focal
invasive dysplasia. Therefore, the suspicion that those structures represent
points of tumor progression becomes more prominent. And based on this, TNF
may acquire a more important role.

2.7. Compared with normal mice, TNFR55−/− mice show reduced liver 
metastasis efficiency

With an immune and inflammation-altered mouse model of liver metastasis, we
explored the tumor cell survival and growth in a “soil” partially insensitive to
the TNF and LTα signaling. For this model, tumor cell were injected in p55
TNF-alpha receptor (TNFR1) and p75 TNF-alpha receptor (TNFR2) knock-
out C57BL mice (TNFRp55−/− and TNFRp75−/−, respectively). Results were
compared with experiments executed in normal C57BL mice (CTRL).

The altered host tissues should have a distorted response to both cytokines,
either released by tumor cells or by local or infiltrating host cells. Mice were
injected with 105 B16F10 melanoma cells into the spleen and sacrificed 7 days
after. Most, but not all mice showed visible macroscopic metastasis on the liver
surface. Under the microscope, 36% of the livers of the wild type mice (CTRL)
did not show metastases, only small granulomata without manifest living tumor
cells. The other CTRL livers showed one or more, but not over five, manifest
metastases per square centimeter of liver section (Figure 26.13A).

We evaluated the incidence of metastases in TNF-Rp55−/− and CTRL mice
as indices of tumor rejection/promotion. Six days after tumor cell injection, liv-
ers from TNFR55−/− mice and CTRL mice showed very similar results under
microscopy: about 40% of the liver sections did not show more than granulo-
mata and the rest showed 1–3 overt metastases per cm2 of liver section (Figure
26.132A). Statistical test of differences (F test to compare variances, N = 35 per
group) in terms of number of metastases per square centimeter, showed a sig-
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nificant (P < 0.0001) contrast: TNFR55−/− mice developed less metastatic foci
than WT mice. These observations established that tumor cell survival and
growth in the host is decreased in the absence of TNFR1, therefore, by extrap-
olation, the tumor rejection is better when the TNF ligation to the p55 receptor
is blocked in the host, a concept shared by others [119].

Several explanations could be applied to these results: TNF-Rp55−/− mice
have been shown to lack networks of mature FDCs and they do not form ger-
minal centers [120]. In consequence, it has been shown that with no replicating
Ags, IgG titers are inefficiently induced, and not maintained in those animals.
Moreover, viral infection experiments demonstrated that TNF-Rp55−/− mice
immunized with Ags, without adjuvant, induced only IgM but no IgG Abs; only
Ag emulsified in CFA or IFA induced IgM and IgG responses that were short-
lived and of moderate titer. This would explain the reduction of tumor progres-
sion by the decreased of antitumor IgG maturation, as discussed above.
Moreover, experiments with immunization of TNF-Rp55−/− mice also showed
that infection with live viruses induced excellent neutralizing IgM and IgG
responses in these mice [122]. These findings suggested that increased Ag dose,
and time of Ag availability, could substitute for FDC-stored Ab-complexed Ag
in the induction of efficient IgG responses in TNF-Rp55−/− mice without ger-
minal centers. This could explain the partial tumor reduction (only 50%)
observed in mice devoid of classical germinal centers, which could still have
some antitumor IgG, compared with B cell KO mice, which do not have any.
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Figure 26.13. Liver metastasis frequencies in TNF-receptors-deficient mice, after intrasplenic tumor
cell delivery. Six normal mice (WT) and six genetically target-mutated TNFRp55−/− mice (lacking
TNFR1), and six TNFRp75−/− mice (lacking TNFR2) received identical dose of tumor cells per
intrasplenic injection. Livers were removed after identical periods of incubation, frozen and from
each liver six cryosections were obtained and stained. Number of metastases was counted in a total
of 36 sections per group. (A) TNFRp55−/− mice developed less metastasis than controls (p < 0.01).
(B) TNFRp75−/− mice developed more metastasis than controls (p < 0.01).



Other explanations could be impairment of other inflammatory actions of
TNF, driven through the TNFR1, associated with the previously described
structure of focal invasive dysplasia. For example, distortion of focal inflam-
mation [121], cellular damage [122,123], involving tumor cells, endothelial cells,
and others, can explain changes in focal tumor progression. Additionally, fail-
ure of granulocyte recruitment [124,125], including eosinophils [126,127], to the
inflammatory foci [128], plasma cell maturation, and Th2 environment promo-
tion, could act reducing tissue damage and consequent enhanced remodeling or
healing stimuli [129].

2.8. Compared with normal mice, TNFR75−/− mice show increased liver
metastasis efficiency

An additional group of TNF-Rp75−/− mice were injected with 105 B16F10
melanoma cells as well, into the spleen, and sacrificed 7 days after. All mice of
this group showed visible macroscopic metastasis on the liver surface.
Microscopic explorations showed that 100% of the livers of these mice had overt
metastases, and the sinusoid paths were dilated showing a loose image of the
liver structure with frequent accumulations of nucleated cells inside the termi-
nal portal venules, which were never observed in the WT livers.

We compared the incidence of metastases in TNF-Rp75−/− versus WT mice
as indices of tumor rejection/promotion. Microscopic examination of the liver
sections, 6 days after tumor cell injection, showed that 100% of the livers from
TNFR75−/− mice had more than one obvious metastasis per square centimeters
of liver section (Figure 26.13B). Statistical test of differences (F test to compare
variances, N = 35 per group) in terms of number of metastases per square cen-
timeters, showed a significant (P < 0.0001) contrast: TNF-Rp75−/− mice devel-
oped many more metastatic foci than WT mice. These observations established
that tumor cell survival and growth in the host is increased in the absence of
TNFR2. Therefore, by extrapolation, the tumor promotion is better when the
TNF ligation to the p75 receptor is blocked in the host.

The discussion of these results should emphasize that both TNF receptors are
not redundant in the case of TNF influence on tumor progression. Signals con-
ducted through each one will have opposite effects (Figure 26.13 A and B).

In other autoimmune disorders, such as lupus erythematosus, TNFR2 poly-
morphisms are associated with susceptibility to develop this disease [130]
showing that different TNF sensitivity of this receptor influences the severity of
the autoimmune responses. Here we observed that absolute lack of signal
through this receptor increases dramatically the severity of the metastatic
outcome.

As it has been shown, TNF signals through TNFR1 receptor have a role in
cytotoxicity, whereas through TNFR2, regulates death responses or prolifera-
tion. In these experiments of tumor metastasis on TNF-Rp75−/−, both defi-
ciencies, in cell death and in cell proliferation control, may explain the
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exaggerated rate of metastases. Moreover, whereas TNFR1 receptor activates
proinflammatory transcription nuclear factor-kappaB (NF-kappaB) [131],
TNFR2-activating role of this factor is poor [132]. Therefore, the level of
inflammation was maintained through the TNFR1, causing tumor promotion.
Even more, it has been shown that in the absence of TNFR2 the antimycobac-
terial response and granulomas formation, which are accumulation of chronic
inflammatory cells and products, are stronger [133].

Therefore, these results indicate that in the presence of both receptors, TNF
signals delivered through the TNFR1 are conductive to inflammatory specifics
that promote cancer cell invasion, but TNF signal delivered through TNFR2
somehow quenches the TNFR1 pathway. Thus, if in normal circumstances the
interplay of both receptors yields a certain level of tumor promotion, in cases
of TNFR2 failure that yield will be higher, because only TNFR1 will act with-
out constrains. In the case of TNFR1 failure, TNFR2 does not operate, and the
level of tumor promotion will be lower because the lack of effective TNF stim-
uli (Figure 26.14).

3. CONCLUSION

Here we collected data indicating that tumor cell invasion and malignant pro-
gression could be favored by inflammatory reactions happening in the tumor
microenvironment, and that secondary B cell immune response against sTTA,
released by tumor or dysplastic cells, could be one of the triggers, or drivers, of
that tumor inflammatory process. In favor of this last hypothesis are: (1)
Macrophages infiltrating the tumor microenvironment are frequently loaded
with TAA and IgG, signs compatible with attraction by, and removal of,
immune complexes formed with both components. (2) Tumor connective matrix
is embedded of both TAA and IgG, data compatible with extracellular release
of TAA, infiltration with IgG and consequent immune complex formation, if
there is affinity between both components. (3) Tumor regional LNs present
tumor TAA massively on FDCs, and show B cell hyperplasia, data compatible
with a strong B cell secondary response against TAA. (4) the genetic absence of
germinal centers in tumor-bearing animal, and consequent reduction of second-
ary immune response, concurs with slower tumor growth and 50% reduction of
tumor recurrence. This is compatible with the concept that IgG generated
against TAA can fuel tumor inflammation and promote tumor growth and
recurrence. (5) The genetic absence of BCR, and consequent complete absence
of IgG and secondary B cell response, concurs with higher resistance of tumor
development, and dramatic 80–90% reduction of tumor recurrence. (6) B cell
transplantation from a tumor-bearing animal to an isogenic animal, challenged
with the same tumor, accelerates tumor growth and increases metastasis yield.
(7) Ig mRNA obtained from tumor infiltrating lymphoplasmacytic cells has a
particular signature of VH sequences. Some VH sequences are minimally found
in peripheral lymphoid tissues. This is compatible with a local, intratumor, and
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specific B cell response amplification to tumor antigens. (8) The expression in
hosts, of intratumor prominent VH sequences (imposed by in vivo transfection),
prior to tumor challenge, make it more resistant to tumor growth and tumor
recurrence. This is compatible with the development of anti-VH antibodies in
the host, which after tumor challenge could control the anti-TAAs immune
response through the idiotype–anti-idiotype network. (9) Micro spots of tumor
progression, named here as “focal invasive dysplasia”, show as constants: lym-
phocyte, plasma cell and eosinophil infiltration, disrupted basal limit, tumor cell
invasion, fibroblastic activity, and TAA plus IgG embedding of the matrix.
Signs all compatible with a local inflammation under a TNF influence, and a
Th2 cytokine environment. (10) Genetic lack of p55 TNF-R renders mice with
increased resistance to tumor metastasis. Compatible with a role of TNF in the
inflammation events that promote tumor progression, and points out that sig-
nals that promote tumor progression are delivered through the p55 TNF-R. (11)
Mice with genetic lack of p75 TNF-R are much more susceptible to develop
tumor metastases, which suggest the interpretation that TNF signals delivered
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through p75 TNF-R quench the protumor inflammatory pathway initiated
through the p55 TNF-R.

All taken together, these features indicate the possible existence of antitumor
autoimmune pathways that could either contain or promote tumor progression.
The imbalance in one or other way will be reflected in cancer control or cancer
development (Figure 26.14).

4. CONCLUDING COMMENT

Multiple Studies from different sources, including ours, are gathering data about
the neoplastic physiopathology, which are conducive to a new vision of it. On
one side, inflammation’s major responsibilities in the cancer process are gaining
acceptation and strength. On the other side, many cancer associated immune
disturbances, including the cancer-promoting cascade triggered by immune
autoantibodies against TAA, are strongly sustaining the existence of an autoim-
mune component subjacent in cancer pathology.

Although cancer was considered an inflammatory pathology at the end of the
19th century by R. Virchow, and S. Paget put the burden of cancer cells and
stroma at the same level, the 20th century was characterized by a monochro-
matic vision of cancer as a cell proliferation disorder, and by a complete disre-
gard for those old theories. With no doubt, the reasonable obsession for curing
a lethal disease contributed to this focused idea. Bacterial infections were mor-
tal even at the beginning of the 20th century; however, a dramatic turn in med-
icine occurred with the discovery of the antibiotics. The basic action of
antibiotics was the arrest of the infecting bacterial proliferation, allowing the
immune system and the tissue remodeling mechanisms to finish the healing
process. The possibility of projecting this brilliant therapeutic success in the
cancer scenario was encouraging. If cancer cells behave like infecting bacteria,
and drugs would be able to inhibit exclusively tumor cell proliferation, an
effective anticancer therapy would be achievable.

Many tools were tested against cancer cell proliferation, from radiation to
natural venoms, such as colchicines and others, and failed. Each failure encour-
aged the search and the analysis of factors controlling cell proliferation, with the
aim of finding inhibitors. In that endeavor the genetic background of cancer
was progressively discovered and, since then, cancer has been considered a
genetic disease with a concomitant cell proliferation disorder. The last 50 years
astonishing technological progresses allowed parallel advances in genetics,
proteomics, cell biology, and drug discovery, but the essence of the tumor
pathology, still is uncontrollable.

Medicine has invested more than 100 years of powerful research in the pur-
suit of this cancer therapeutic strategy, founded on cell proliferation control,
and relative little success has been achieved. Probably that elusive behavior of
cancer is whispering that this monochromatic view is insufficient to foresee the
full picture of an effective anticancer treatment.
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All recognized autoimmune diseases share basic components: bizarre immune
disorders and specific tissue degradation. And so does cancer. Moreover, follow-
ing Rose and Bona criteria [134], from the direct, indirect, and circumstantial
evidences required to qualify as an autoimmune disease, cancer adds all three.

Without disputing the genetic background of cancer, data are teaching us that
malignant traits of cancer progression have anchors in the depth of autoim-
mune disorders, and should probably be treated like them.

Since Paul Ehrlich in 1901 hypothesized the possibility of auto-aggressive dis-
eases under the theory of Horror Autotoxicus, 3 years passed until the discov-
ery by Donath and Landsteiner of an autoantibody causing the paroxysmal
cold hemoglobinuria. And many years passed until other autoimmune diseases
were considered so. Today, from the orthodox point of view, the idea of consid-
ering cancer from an autoimmune angle could cause “horror”, but not to do
this, it could be a bigoted walk through the dark.
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CHAPTER 27

SYNERGISTIC MOLECULAR MECHANISMS
IN HORMONE-SENSITIVE BREAST CANCER

ANTONIO LLOMBART CUSSAC

Head Medical Oncology Service, Hospital Universitario Arnau de Vilanova, Lleida, Spain

Breast cancer is the most common cancer among women and the second leading
cause of death in developed countries. However, a decrease in overall mortality
rates has been shown over the last decade [1]. With various factors contributing
to this gain, the generalization of systemic therapies both in the early and
advanced stages is certainly impelling this progress. For early stage estrogen
receptor (ER)-positive breast cancer allocation to about 5 years of adjuvant
tamoxifen reduces the annual breast cancer death rate by 31%; with an esti-
mated 15-year survival benefit of 9.2% (2p < 0.00001) [2]. The last generation of
aromatase inhibitors (anastrozole, letrozole, and exemestane) has shown to be
more effective in advanced disease; adding benefits in early stage when replac-
ing or switching tamoxifen [3]. Even though the beneficial effect of endocrine
therapies is restricted to patients with ER and/or progesterone receptor (PR)-
positive tumors, a large fraction of hormone receptor-positive tumors do not
respond as expected to the treatment [4].

Resistance to endocrine therapy is a huge clinical problem and researchers
have therefore actively pursued mechanistic studies of endocrine resistance and
tested predictive markers other than steroid receptors. The mechanisms under-
lying resistance in breast cancer remain relatively poorly defined, but their elu-
cidation has potential to reveal new therapeutic targets to treat or even prevent
resistance. Over the last 20 years, a large number of cell biologic factors have
been reported that identify those patients who will benefit from endocrine ther-
apy or fail to respond [5]. Few of these, however, seemed valuable and useful in
daily clinical practice. Nevertheless, research into the mechanisms of endocrine
resistance in breast cancer has revealed that various growth factor pathways and
oncogenes involved in the signal transduction cascade become activated and
utilized by breast cancer cells to bypass normal endocrine responsiveness [6].
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1. ER IN BREAST CANCER

ER acts in the nucleus as a transcriptional regulator of specific genes. The pro-
tein has a ligand-binding domain, several transcription activation domains,
and a DNA-binding domain that interacts with specific regions in the promoter
of target genes, including sites known as estrogen-responsive elements (ERE)
[7]. The binding of estrogen to ER facilitates binding of the receptor complex
to promoter regions of target genes. The recruitment of coactivators such as
AIB1 (SRC3) and other proteins with acetyltransferase activity helps to
unwind the chromatin allowing transcription to occur. By contrast, the ER
conformation induced by the binding of tamoxifen favors the recruitment of
corepressors and deacetylases that inhibit transcriptional activity. In total,
estrogen regulates the expression of many genes important for normal cell
physiology and growth of some breast tumors. PR, PS2, the heat shock pro-
teins, TGF-α, IGF-II, IRS1, and vascular endothelial growth factor (VEGF),
in addition to IGF-IR and cyclin D1, represent just a few of the many genes
regulated by estrogen in target cells. Interestingly, ER can also decrease expres-
sion of many genes as well [8].

However, ER functions may also occur outside the nucleus, as a small pool
of ER is located in the cytoplasm or bound to the plasma membrane [9]. This
membrane-bound ER can directly interact with and/or activate IGF-IR,
PI3K, Src, EGFR, and HER2 [10]. Src in turn activates matrix metallopro-
teinase 2 who cleaves heparin-binding EGF from the cell surface [11]. Then,
EGF can interact by autocrine or paracrine mechanisms with adjacent EGF
receptors to initiate growth factor signaling. Bidirectional cross talk between
ER and growth factor pathways results in a positive feedback cycle of cell sur-
vival and cell proliferative stimuli. Clinically, it may be crucial to block this
cross talk by inhibiting both signaling networks to achieve optimal therapeu-
tic activity.

2. GROWTH FACTOR SIGNALLING AND ENDOCRINE 
RESISTANCE IN BREAST CANCER

There is no doubt that cross talk between ER and the EGFR signaling pathways
is one, if not the major, mechanisms for resistance to endocrine therapy in breast
cancer [12]. cErbB2 (HER2) is a member of this EGFR family of transmem-
brane tyrosine kinases. The family also includes HER3 and a poorly understood
HER4. Both HER2 and HER3 need to heterodimerize with other members of
the family to generate the kinase cascade. Growth factors such as epidermal
growth factor (EGF), transforming growth factor-α, and amphiregulin bind to
the external domain of epidermal growth factor receptor (EGFR), which then
induces homo- or heterodimerization with another receptor in the family 
and activate the tyrosine kinase [13]. Heregulin and other ligands, bind to the



external domain of HER3. This also initiates heterodimerization and then
activation of Akt, Erk1/2 mitogen-activated protein kinase (MAPK) or other
intermediates. Because HER2 does not have a ligand, it may be relatively
inactive unless the cell also expresses EGFR or HER3 [14].

Preclinical models suggest that both de novo and acquired resistance to
endocrine therapy is often associated with increased signaling from the
EGFR/HER2 pathway [15] and a switch from nuclear to membrane-initiated
steroid signaling (MISS) ER activity. Importantly, although human breast can-
cer xenografts that overexpress HER2 are stimulated by tamoxifen as a mecha-
nism of de novo resistance, these tumors are still completely inhibited by
estrogen withdrawal. The increased MISS ER activity and the resultant increase
in tamoxifen agonist activity in these HER2-overexpressing cells is entirely
dependent on ER cross talk with the growth factor signaling pathway because
both phenomena were completely reversed in the presence of specific
EGFR/HER2 inhibitors [16]. Increased HER2 activity results in more ER out-
side the nucleus, and classical ER-dependent transcription is inhibited by a
mechanism that is HER2-dependent and involves ER sequestration in the cyto-
plasm through the ER corepressor MTA1s [17]. High levels of membrane and
cytoplasmic ER have also been found in breast cancer cells amplified for the
HER2 gene 115. Whether this change in ER localization in the cell also occurs
in human tumors requires more study.

Activation of the EGFR/HER2 signaling pathway initiates a kinase-signaling
cascade that has a variety of effects on the tumor cells, including inhibition of
apoptosis, stimulation of cell proliferation, enhanced invasion and cell motility,
and induction of angiogenesis stimuli. Cell survival and proliferation is medi-
ated mostly through the PI3K/Akt and the Erk1-2/MAPK pathways. These
kinases are also responsiveness for the activation of ER coregulators such as
AIB1 and NCoR [7,8]. This phosphorylation augments the transcriptional acti-
vation potential of ER and enhances its effects on cell proliferation and survival.
In tumors expressing both ER and abundant HER2, these two pathways may
contribute to hormonal therapy resistance.

Various growth factor pathways and oncogenes involved in the signal trans-
duction cascade are utilized by breast cancer cells to bypass normal endocrine
responsiveness [6]. The monoclonal antibody trastuzumab (Herceptin), which
targets the extracellular domain of HER2, was able to increase the endocrine
sensitivity of ER[+]/HER2[+] breast cancer cell lines. However, HER2 signaling
involves the activation of various downstream intracellular kinases. As such,
these intracellular pathways represent attractive targets for pharmacologic inter-
vention with small molecule signal transduction inhibitors (STIs) that target
aberrantly or excessively expressed oncogene products. Many such drugs are in
active development for breast cancer, including type 1 growth factor tyrosine
kinase inhibitors (TKI), farnesyltransferase inhibitors (FTIs), MEK inhibitors,
and mTOR antagonists.
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3. PRECLINICAL EFFICACY OF INTRACELLULAR STIS IN 
BREAST CANCER

Enhanced expression of type I growth factor receptors such as EGFR and HER2,
together with subsequent downstream activation of signaling pathways regulated
by the MAPK/ERK, has been found in breast cancer cells that become resistant
over time to endocrine therapy with tamoxifen. Treatment with various STIs has
been used in preclinical models in an attempt to overcome this resistance by block-
ing upregulated signaling pathways [18]. For example, in MCF-7 cells that devel-
oped resistance to tamoxifen, both gefitinib, which targets the internal tyrosine
kinase domain of EGFR, and trastuzumab, which blocks the external domain of
HER2, were effective at reducing downstream ERK1/2 MAPK signaling and
inhibiting cell growth [19]. EGFR and HER2 heterodimerize in the resistant cells,
such that targeting either one of the receptors can be an effective therapy. Of note,
hormone-sensitive cells (in which neither receptors are overexpressed) were unaf-
fected by either gefitinib or trastuzumab therapy. Similar data has been reported
by other groups in tamoxifen-resistant, HER2-transfected MCF-7 cells with
Trastuzumab [20]. Likewise, in cells resistant to LTED, both growth and ER-
mediated gene transcription was abrogated by a number of different intracellular
approaches to interrupt signaling, including the TKI gefitinib, the MEK inhibitor
UO126, and the ER downregulator fulvestrant, which degrades residual ER [21].
Several groups have shown that these different STIs may also inhibit the growth
of breast cancer xenograft tumors in vivo [22].

Other intracellular signaling and cell survival pathways are also activated in
hormone-resistant breast cancer, particularly the phosphatidylinositol 3-kinase
(PI3K)/Akt pathway. Akt (or PKB) is a serine/threonine kinase that promotes
cell survival and is activated in response to many different growth factors,
including insulin, insulin-like growth factor 1 (IGF-1), basic fibroblast growth
factor (bFGF), EGF, heregulin, and VEGF. Once activated, Akt exerts anti-
apoptotic effects through phosphorylation of substrates that directly regulate
the apoptotic machinery (i.e., Bad and caspase 9). In addition, the mammalian
target of rapamycin (mTOR) is a downstream effector of the PI3K/Akt signal-
ing pathway that activates p70S6 kinase and 4E-binding protein-1, which, in
turn, regulate transition through the G1/S phase of the cell cycle. Approaches to
targeting these cell survival pathways have included either specific PI3K
inhibitors, such as LY294002, or rapamycin analogues, such as temsirolimus
(CCI-779) or everolimus (RAD-001), that target mTOR. Breast cancer cell lines
with activated Akt (as by loss of the regulatory PTEN tumor suppressor gene)
are especially sensitive to mTOR antagonism [23].

4. STIS IN COMBINATION WITH ENDOCRINE THERAPY

Several preclinical reports have implied that, in hormone-sensitive, ER-positive
breast cancer, STIs as monotherapy may have only a minimal effect on tumor
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growth, especially if cells lack the activation and dependence of the various
signal transduction pathways described above. Emerging evidence suggests that
adaptive changes occur during prolonged endocrine therapy, particularly upreg-
ulation of growth factor signaling. Thus, strategies to combine endocrine with
STI therapies have been used as a means to prevent development of resistance
and improve therapeutic efficacy. In vitro, combined tamoxifen and gefitinib
provided nearly complete inhibition of phosphorylated ERK1/2 MAPK and
Akt, together with greater G0/G1 cell-cyle arrest and suppression of the cell-
survival protein bcl-2 than that observed with just tamoxifen [24]. In particular,
combined therapy prevented the acquired expression of EGFR/MAPK signal-
ing and the subsequent resistance that occurred after 5 weeks in tamoxifen-
alone-treated cells.

For established hormone-resistant, HER2-positive breast cancer, the strategy
of combined STIs and endocrine therapy may also be more effective than using
STIs alone. In vivo, gefitinib and tamoxifen provided maximal growth inhibition
and significantly delayed the growth of HER2-positive MCF-7 xenografts com-
pared with gefitinib alone [25]. Moreover, similar effects were seen with gefitinib
combined with estrogen deprivation, which provided greater inhibition of growth
and substantially delayed acquired resistance compared with estrogen depriva-
tion alone [26]. A synergistic effect has also been reported for Trastuzumab com-
bined with tamoxifen in ER-positive, HER2-positive BT-474 breast cancer cells,
with enhanced accumulation of cells in G0/G1 and reduction in S phase of the
cell cycle compared with either therapy alone [27]. Of interest, there was no evi-
dence for any induction of apoptosis. Recently, the dual EGFR/HER2 inhibitor
lapatinib has been shown to cooperate with tamoxifen to provide more rapid and
profound cell-cycle arrest than either therapy alone in hormone-resistant cells
[28]. The two drugs together caused a greater reduction in cyclin D1, together
with a greater increase in the kinase inhibitor p27 and cyclin E-cdk2 inhibition,
in various tamoxifen-resistant breast cancer cell lines. Lapatinib was able to
restore tamoxifen sensitivity in EGFR- or HER2-expressing cells, while, in vivo,
combined laptaninib and tamoxifen caused maximal regression of HER2-over-
expressing, tamoxifen-resistant MCF-7 xenografts [28].

Other STIs that have only a minimal effect on hormone-sensitive breast can-
cer may also be more effective when combined with endocrine therapy. The FTI
tipifarnib inhibits the growth of a number of human breast cancer cells lines
in vitro, most of which contain normal wild-type ras genes [29]. However,
in vivo, tipifarnib produced only a modest cytostatic effect on hormone-sensi-
tive MCF-7 xenograft growth, with evidence of induction of apoptosis and
enhanced expression of the cell-cycle inhibitory protein p21 [30]. In contrast,
when tipifarnib was combined with tamoxifen or estrogen deprivation therapy,
combined treatment induced significantly greater tumor regression than either
endocrine therapy alone [31]. Three other groups have since reported a similar
interaction for FTIs with tamoxifen or aromatase inhibitors, and have suggested
either a synergistic [32] or an additive antitumor effect [33]. One recent study
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implied an additive effect on G0/G1 cell-cycle arrest, and that the FTI-277,
when combined with tamoxifen, maintained higher levels of the cdk inhibitor
p21waf/cip1, resulting in an additive effect on inactivation of cyclin E/Cdk2
complexes and decreased phosphorylation of pRb [34].

More recently, a similar rationale has emerged to support the combination of
mTOR antagonists with either tamoxifen or an aromatase inhibitor in preclini-
cal models of ER-positive, hormone-sensitive, and resistant breast cancer [35].
The estrogen-dependent growth of both wild-type MCF-7 and aromatase-
expressing (MCF-7/Aro) breast cancer cells was inhibited in adose-dependent
manner by the mTOR antagonist everolimus (RAD-001), suggesting that
mTOR signaling is required for the estrogen-dependent proliferation of these
cells. In subsequent experiments with the MCF-7/Aro cells, the combination of
letrozole and everolimus produced maximal growth inhibition with clear evi-
dence for additive/synergistic effects. Evidence has emerged that activation of
Akt/PKB and the downstream mTOR pathway can cause resistance to tamox-
ifen [36]. MCF-7 cells expressing a constitutively active Akt were able to prolif-
erate under reduced estrogen conditions and were resistant to the growth
inhibitory effects of tamoxifen, both in vitro and in vivo, in xenograft models
[35]. However, cotreatment with the mTOR inhibitor temsirolimus (CCI-779)
inhibited mTOR activity and restored sensitivity to tamoxifen, primarily
through induction of apoptosis, thus suggesting that Akt-induced tamoxifen
resistance may in part be mediated by signaling through the mTOR pathway.

5. CLINICAL TRIALS WITH INTRACELLULAR STIS IN 
BREAST CANCER

All these experimental data indicate that a variety of intracellular signaling
pathways may be activated or overexpressed in endocrine-resistant breast can-
cer, and suggest that targeting such pathways may be an effective therapy.
Trastuzumab (Herceptin), the monoclonal antibody to the external domain of
HER2, provides significant activity even as single agent. Thus, it was hoped that
various small molecule STIs may also prove effective anticancer strategies in
this setting.

Early phase II clinical studies were initiated with EGFR/HER2 TKIs, FTIs,
and more recently mTOR antagonists, both as monotherapy or more recently in
combination with endocrine therapy and cytotoxic agents.

6. TRIALS WITH EGFR TYROSINE KINASE INHIBITORS

The most extensively studied TKI in breast cancer is the EGFR TKI gefitinib
(Iressa), an orally active, low molecular weight, synthetic anilinoquinazoline
and a potent selective inhibitor of EGFR-TK. In various breast cancer cell lines
that express EGFR and/or HER2, gefitinib given as a single agent induced a
dose-dependent antiproliferative effect which delayed growth [37]. Experiments
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have demonstrated that gefitinib may inhibit the growth of acquired endocrine-
resistant MCF-7 breast cancer cells in vitro [19,21,38] and in vivo [16].

There have been three phase II monotherapy studies of gefitinib in patients
with advanced breast cancer [39–41]. Overall, the data are relatively disappoint-
ing with low clinical response rates and short times to disease progression. The
only trial to report a significant number of responses included patients with ER-
positive, tamoxifen-resistant breast cancer [41], the setting in which preclinical
models had shown the best evidence of activity for gefitinib. Pharmacodynamic
studies have been performed in one of these trials, confirming that EGFR tyro-
sine kinase signaling is inhibited in both skin and tumor biopsies by doses of
gefitinib delivered orally [40]. However, there was discordance in the effect of
gefitinib on downstream intracellular signaling in treated tumor biopsies, with
lack of inhibition of Ki-67 (a marker of cell proliferation) in tumor, but not in
matched skin biopsies. This suggested that activation of other intracellular
pathways downstream of EGFR (especially in breast cancer as opposed to nor-
mal skin cells) might determine the clinical response to gefitinib. More research
is required to establish tumor phenotypes in responding versus nonresponding
patients [42]. Fewer clinical data exist regarding the other EGFR TKI in breast
cancer, although a phase II trial of the selective EGFR TKI erlotinib (OSI-774)
in breast cancer was relatively disappointing [43, 44].

Based on the preclinical evidence for added benefit outlined above, a number
of small phase I/II trials have been initiated with TKIs in combination with
tamoxifen, fulvestrant or an aromatase inhibitor. Some of these trials are in the
second-line setting, with one trial enrolling patients whose tumor was progress-
ing on tamoxifen, and then adding lapatinib to tamoxifen to see whether clini-
cal responses could be observed and resistance reversed. Another trial will
compare gefitinib alone to the combination of gefitinib plus tamoxifen after
progression on tamoxifen. However, the ultimate clinical test for the hypothesis
that TKIs enhance the efficacy of endocrine therapy is the randomized, con-
trolled clinical trial of endocrine therapy alone versus combined endocrine/TKI
therapy. Many of these trials are in the first-line setting, where early clinical (and
indeed experimental) data have shown that gefitinib alone may have limited
activity. Therefore, the primary endpoint for these trials is to investigate whether
time to disease progression (TTP) can be significantly prolonged by the addition
of a TKI to endocrine therapy, thus delaying the emergence of resistance as
demonstrated in various preclinical models described above.

7. TRIALS WITH DUAL EGFR/HER2 TYRSOINE KINASE
INHIBITORS

Cooperative activation of different type I growth factor receptors (EGFR,
HER2, HER-3, or HER-4) may limit the efficacy of targeting just one single
receptor. Lapatinib (GW572016) is a potent dual inhibitor of both EGFR and
HER2 and inhibits autophosphorylation of the receptors [44]. In the phase I
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study, diarrhea and skin rash were the main toxicities [45], and clinical activity
was reported in trastuzumab-resistant breast cancer patients [46]. Several bio-
logic and pharmacologic reasons may account for the efficacy of a small mole-
cule inhibitor of HER2 in patients resistant to monoclonal therapy with
trastuzumab. A phase II trial of lapatinib has been completed in heavily pre-
treated patients with advanced breast cancer that progressed on prior
Trastuzumab containing regimens. A recent interim analysis in the first 41
patients confirmed clinical activity for Lapatinib in breast cancer, with partial
responses in 7% of patients and/or stable disease in 24% of patients after 16
weeks of therapy [47].

The pivotal trials for lapatinib will be the large, randomized, phase III trial of
letrozole with or without lapatinib in ER-positive advanced metasatic breast
cancer. This study in over 760 patients is powered to detect a 30% improvement
in median time to disease progression from 10 to 13 months (hazard ratio
of 0.769).

8. TRIALS WITH FTIS

Monotherapy activity has been reported for the FTI tipifarnib (Zarnestra) in
advanced breast cancer. A total of 76 patients were treated with tipifarnib, either
as a continuous dose of 300 or 400 mg b.i.d. (n = 41) or an intermittent dose of
300 mg b.i.d. for 21 days followed by 7 days off-therapy (n = 35) [31]. In the con-
tinuous treatment arm, there were four partial responses (10%) lasting 4–12
months and six patients with stable disease (15%) for at least 6 months. In the
intermittent treatment arm, there were five partial responses (14%) and three
patients with stable disease (9%). Objective responses were seen in both soft tis-
sue and viscereal sites of disease. The main toxicities were neutropenia, throm-
bocytopenia, neurotoxicity, and fatigue. These results were independent of ras
status, estrogen/PR, or HER2/EGFR receptor status, and 40% of patients had
received only prior adjuvant and/or metastatic endocrine therapy at entry into
the trial. Thus, while FTIs may have modest antitumor activity as a single-agent
therapy, stabilization of disease in those resistant to endocrine therapy may rep-
resent a meaningful response.

Based on the encouraging preclinical data discussed above from several
groups for additive or synergistsic effects for combining FTIs with endocrine
therapy, several nonrandomized and randomized phase II studies of FTIs in
combination with either tamoxifen, fulvestrant, or aromatase inhibitors have
been undertaken. It is unlikely that any overlapping toxicities will be seen for
combinations of FTIs with endocrine therapy, but at least two trials are ensur-
ing that no pharmacokinetic interactions exist whereby tamoxifen- or aromatase
inhibitor-induced hepatic enzymes could enhance clearance of FTIs and lower
serum concentrations. For example, pharmacokinetic and pharmacodynamic
endpoints have been assessed by a sequential design in 11 patients treated ini-
tially with the FTI tipifarnib (either 200 or 300 mg b.i.d. for 21/28 days), and
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after 1 week tamoxifen was added [48]. There was no significant change in the
pharmacokinetic profile for tipifarnib; moreover, the pharmacodynamic end
point (inhibition of farnesyltransferase in peripheral blood mononuclear cells)
was enhanced from 30% enzyme suppression to 41% by the combination. In
addition, such early phase II trials may help to determine the optimal schedule
for the combination. There are no published efficacy data from any of the ran-
domized endocrine/FTI trials to date.

9. TRIALS WITH mTOR ANTAGONISTS

Two mTOR antagonist agents are now in phase III study trials, RAD-001 and
CCI-779. Both have provided activity as single agent. Temsirolimus (CCI-779)
given by weekly intravenous administration to heavily pretreated metastatic
breast cancer whose disease relapsed or was refractory to previous anthracyclines
and/or taxanes [49]. Based on 94 evaluable patients, partial responses were seen
in 11% patients with stable disease in an additional 33% of patients. The main
toxicities included alteration in transaminases, mucositis, rash, and mild nausea.

Again based on encouraging preclinical data for possible synergistic effects
when mTOR antagonists were combined with endocrine therapy [35], clinical
trials looking at combined therapy have been initiated. Preliminary data from a
small, three-arm randomized study has compared two different schedules of
oral temsirolimus (10 mg continuous or 30 mg for 5–14 days) combined with
letrozole. Initial higher doses of temsirolimus were used but were poorly toler-
ated (grade 2/3 stomatitis) when combined with long-term endocrine therapy
[50]. Efficacy results have suggested similar response rates for the combination
compared with letrozole alone. However, clinical end points using objective
tumor response rates in small, nonrandomized phase II studies must be viewed
cautiously, and the primary role of such studies should be to provide safety and
supportive biologic data for the combination in advance of definitive random-
ized trials.

Two large-scale phase III clinical trial with orally active formulations of tem-
sirolimus and everolimus in combination with letrozole have been started. The
first targets are metastatic patients; the second is designed as an exploratory
study in the neoadjuvant setting.

10. CONCLUSION

There is much enthusiasm surrounding these novel STIs and their potential role
in the treatment of breast cancer. However, considerable thought is needed in
order to maximize their potential. Central to their development will be a clear
understanding of the molecular biology of these pathways, in particular the dif-
ferences between hormone-sensitive and hormone-resistant disease. Preclinical
models both in vitro and in vivo are important to clarify the benefit and utility
of combined endocrine/STI therapy. For clinical trials, appropriate patient
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selection will be important, and parallel biologic studies are now a requirement
for development of these drugs. Randomized studies remain central to deter-
mine any added benefit of combined endocrine/STI therapy, and must be appro-
priately powered for relevant endpoints in order to encourage further clinical
development. Presurgical studies may be an additional means of gaining bio-
logic and clinical information about such combined therapies. Many trials have
now started, and we eagerly await the results to see whether intracellular STIs
can provide a significant therapeutic benefit.
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