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Message

Peace and prosperity are fundamental human aspirations, and the
role that can be played by science and technology towards these
ends 1s vast.

For the development of science and technology, The Science and
Technology Foundation of Japan presents Japan Prize to promote
the comprehensive spread and development of science and
technology. Commemorative Lectures by the Prize Laureates are
held annually during the Japan Prize Week.

The Japan Prize honors those who are seen to have made original
and outstanding achievements in science and technology, and thus
to the peace and prosperity of mankind.

The first Japan Prize was presented in 1985.

This year, 2005, the 21st Japan Prize will be presented to the
following three laureates :

Category: Information and Media Technology
Contribution: Pioneering Contributions to Natural Language
Processing and Intelligent Image Processing
Laureate: Dr. Nagao, Makoto (Japan)
President, National Institute of Information and
Communications Technology

Category: Cell Biology

Contribution: Fundamental Contribution in Elucidating the
Molecular Mechanisms of Cell Adhesion

Laureates:  Dr. Takeichi, Masatoshi (Japan)
Director, RIKEN Center for Developmental Biology
Dr. Erkki Ruoslahti (U.S.A.)
Distinguished Professor, The Burnham Institute

The three laureates have been invited to deliver Commemorative
Lectures to the general public.

We sincerely hope that these lectures provide inspirations and
encouragement to those who will be leaders in science and
technology in future generations.

Prof. Yoshikawa, Hiroyuki Dr.Eng.
Chairman
The Science and Technology Foundation of Japan
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Opening Remarks

Prof. Yoshikawa, Hiroyuki Dr. Eng.
Chairman

The Science and Technology Foundation of
Japan

Mr. Ueda, Masaaki

Executive Director

The Science and Technology Foundation of
Japan

Dr. Nagao, Makoto
“Striving to achieve “Human” information

processing”

Break (15min.)

Dr. Takeichi, Masatoshi
“How cells assemble: A fundamental process in

the formation of the body”

Dr. Erkki Ruoslahti
“From integrin-binding RGD peptides to
vascular homing peptides”

Closing



Striving to achieve “Human” information

processing

When I completed my undergraduate
degree and entered graduate school in 1959,
Japan was witnessing the dawn of the
computer age. In the second year of my
Master’s Program, computers had finally
become accessible to students like myself,
but at that time, programs were written in a
language called “assembler language,” and
programs and data were input into the
computers using paper tape. We had almost
no academic journals from outside of Japan,
and even when we did get them, they were
usually more than six months old. At best,
we had a vague impression thal researchers
were discussing about the incredible
versatility of computers.

Ever since I was a child, I had been
curious about the human mind and the
workings of the brain, so I was very
interested in the versatility of computers. 1
thought, if they were really so versatile, then
perhaps we could teach them to do high-level
human tasks, such as language translation or
character recognition. At first, I began with
Noam Chomsky’s context-free grammar, but
I soon realized thal language could not be
handled using this approach alone. Ithen
incorporated the concept of “sememes” (the
atomic meanings of words) using Roget’s
Thesaurus as a reference, and this made it
possible to generate meaningtul sentences
from computer. I presented this research at
the first International Conference on
Computational Linguistics in New York in
1965, where it gained considerable attention.

The important element here is the role of
the verb, which functions as the central
component of the sentence. I studied a
variety of grammars, and realized that the
“Case Grammar” advocated by Charles J.

Fillmore is the most appropriate grammar for

Dr. Nagao, Makoto

computers. I also found that restrictions
must be placed on the words that can be
entered in the slots of the case frames of a
verb, depending on the sememes.

For four years starting from 1982, with
funding from the STA Program of the Science
and Technology Agency, I conducted
research and development targeting
Japanese-English, English-Japanese
translation systems for the abstracts of
scientific and technical papers, incorporating
the Case Grammar approach. The resulting
system was later expanded with increased
volumes of diclionary data, and an improved
grammar. The system is still in use today.

Even as I began this research, I was
aware, to some extent, of the limitations of a
system with this framework; for example, the
fact that you have to write huge numbers of
grammar rules to accommodate new
expressions, and that no matter how many
sememes you add, there are some subtle
expressions that simply cannot be handled. I
was thinking about how humans resolve
these translation problems, and it occurred to
me (hat generally, humans learn he
translation for a given expression from
someone else, and then translate similar
expressions in the same way. I thus
proposed a translation method which does
“loan translation” — that is, preparing a
translation dictionary comprised of English
Japanese expression pairs corresponding to
sentences or phrases of an appropriate
length, and referencing that dictionary when
similar expressions appeared. This method,
which I called “translation by analogy,”
makes it possible to handle a variety of new
expressions simply by increasing the content
of the translation dictionary, and to eliminate

the need for time-consuming processes such



as changing arlificial [rameworks like
grammars and sememes. The greatest merit,
however, is that it offers high-quality
translation expressions. For this reason, it
has come to be used widely not only in Japan,
but throughout the world, under the name
“Example-based Translation.”

When I examined the causes of failures in
the analysis of sentences, I found that the
most common reason was in long sentences,
where several expressions were being used
in parallel. Therefore the detection of which
parts of the sentence have parallel structures
isrequired, and I succeeded in this by
introducing a dynamic programming method.
Spurred on by this success, Dynamic
Programming is now used extensively in
resolving a variety of issues related to
language processing.

The thing that [ learned through the
course of our research in machine translation
is that in this field of research, international
collaboration is essential. From the end of
the 1970s, I encouraged the Japan Electronics
Industry Development Association and the
Ministry of International Trade and Industry
to dispatch teams several times to investigate
the status of machine translation in Europe
and the U.S. [ hosted various international
conferences almost every year since 1986,
and in 1991 I established the International
Association for Machine Translation, for
which T was the first President. The JAMT
holds international conferences every two
years in Asia, Europe, and the U.S. on a
rotating basis, to exchange information and
present research results on various themes,
including machine translation technologies
and new applications for translation systems
developed from the user’s perspective. I also

created the Association for Natural Language

Processing in Japan, with the goal of
contributing to the further development of
this field.

5  Image analysis and recognition is another
aspect of “Human tasks undertaken by
computers.” I began conducting research in
character recognition in the 1960s, and the
results of this research were incorporated
into a first postal code reader. Many other
researchers began working in the field of
character recognition, however, so I shifted
the focus of my research to the analysis and
recognition of photographs and other images,
which at the time was a field that no one had
yet explored. [ started out by undertaking
the world’s first research in the analysis of
human facial photographs, but simple
analysis resulted in high percentage of
failures, because there is such a diverse
range of facial characteristics, and because
eyeglasses and other accessories tend to
throw the analysis off. T decided to set as the
constraint conditions the relative positions of
the facial features, such as the eyes, nose,
mouth, and jaw. I wrote a program with
feedback process in recognition; for example,
if the system couldn’t recognize the mouth
correctly, it would go back to the position
above the mouth, find the nose once more,
and then use that as a reference to recognize
the position of the mouth. In this way, I was
able to dramatically increase the accuracy of
face recognition.

The next stage of my research was in the
analysis of aerial photographs. In order to
recognize the objects in photographs — for
example, roads, farmland, houses, and
automobiles — we have to achieve
recognition that satisfies a wide range of
conditions as completely as possible, and

with a minimum of contradictions among




10

these objects in a photograph. This
recognition does not rely simply on color and
shape, but also takes into account, for
example, that a car is located on a road, or
the way in which the shadow of a house or a
grove of trees falls in a fixed direction
depending on the conditions of the sunlight
when the photo is taken. We achieved this
by introducing a “Blackboard Model” which
was developed in artificial intelligence
research into the image recognition system.
This feature of using a “human” process of
trial and error, and of generating the most
appropriale resulls [rom a comprehensive
perspective, is what made my research works
in image processing so completely unique.
By the end of the 1980s, computers were
capable of handling documents and images
with considerable ease, and huge databases
had become accessible as well, so I combined
the research that [ had conducted up until
that time into a new theme: “Digital
Libraries.” In addition to search and retrieval
by standard bibliographic information, we
developed a highly accurate search method
that eflectively ulilizes table of contents
information, and also incorporated the
concept of hypertext. Another feature [
developed was a user interface equipped with
machine translation and a variety of other
convenient functions. 1 worked with
companies to create a prototype system, and
proved its effectiveness through a public
demonstration in 1994. This system, one of
the first to be developed anywhere in the
world, had functions and features that made it
truly unique. The framework of this digital
library system is currently being used in

many places.

I have conducted varieties of research while
gaining hints from the human brain functions. I
believe that the approach of human-like
information processing will become increasingly
important in resolving many diverse issues yet to
be faced.
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How cells assemble:

A fundamental process in the formation of the body

The world of living things can be broadly
divided into single-celled and multicellular
organisms. The former group includes bacteria,
yeast, and protozoa, while the latter consists of
nearly every life form visible to the naked eye.
Unicellular organisins are individual cells that do
not need to associate with other cells in order to
live. In contrast, the body of a multicellular
organism contains multiple cells, sometimes
huge numbers of them. Each of these cells
works only as a building block within some
greater bodily structure and cannot function as
an independent living entity. The different types
of cells thal make up & multicellular organism
each have specific roles to play, which they can
realize only by assembling into a larger

functional unit.

A number of features distinguish
multicellular organisms from single-celled ones.
One of the most fundamental of these is the
ability of the cells in a multicellular organism to
adhere to each other. Although hoth plants and
animals can be referred to as multicellular
organisms, these two kingdoms differ greatly in
terms of structure, and I will limit my talk today
to a discussion of multicellular animals (or
metazoans). Metazoan cells are able to adhere to
one another. Tissues made up of such cells can
be dissociated into individual living cells by
various methods, and, when cultured under
appropriate conditions, the cells spontaneously
adhere to each other and reorganize into
multicellular structures. What is perhaps even
more surprising is that such cells demonstrate
the ahility to recognize specific adhesion
partners. For example, when a tissue containing
cartilage cells and epithelial cells is dissociated
and the cells randomly mixed, cells of both types
recognize and adhere preferentially to their

compatible partners - cartilage to cartilage and
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epithelium to epithelium - enabling the
reconstitution of a multicellular assembly by
isolated individual cells. This shows that animal
cells have an innate capacity for organizing into
complex, tissue-specific structures. The
importance of this ability is seen most clearly in
wound healing, in which cells in the vicinity of
the wound area associate with each other to

reconstitute the damaged tissue.

Early in my career, [ became interested in
identifying molecules involved in cell-cell
adhesion and, in particular, working out the
means by which cells are able Lo recognize
specific adhesion partners, questions that I
continue to explore today. By the 1970s, many
outstanding researchers had shown interest in
these same questions, proposing a range of
hypotheses and engaging in heated debates, but
none had been able to solve the mystery of cell-
cell adhesion. It struck me that the process must
involve a set of complex mechanisms and that
the best approach to solving the puzzle might be
to break it down into its component parts and
attack each question individually, rather than to

{ry Lo arrive al a single universal explanalion.

Cell adhesion takes two main forms: the
adhesion of cells with other cells, and adhesion
between cells and non-cellular material. In the
latter process, cells adhere to a complex
substrate known as the extracellular matrix,
which fills the spaces between cells. A similar
type of cell adhesion is also seen when cells
proliferate on a glass or plastic culture dish,
using its surface as a kind of scaffold. We refer
to the two forms of cell adhesion as “cell-cell”
and “cell-matrix” adhesion. [ found that these
two types of cell adhesion differ from each other
in their dependency on divalent cations, and it

occurred to me that both might be controlled by



different mechanisms. Calcium and magnesium
are the two most important divalent ions present
in body fluids, and I noted that each seemed to
be necessary for a different form of adhesion to
take place, with cell-matrix adhesion requiring
magnesium ions and cell-cell adhesion
dependent on calcium. My subsequent research
has focused mainly on cell-cell adhesion, but it is
now clear from others’ work that magnesium-
dependent cell-matrix adhesion is mediated by

integrins.

I next found that cell-cell adhesion can itself
be categorized into calcium-dependent and
calcium-independent processes. [ was sure that
by studying these mechanisms separately, I
would be able to develop a better understanding
of the underlying principles. I began by
searching for molecules playing central roles in
the two processes and found that, in each case,
cell-cell adhesion involved proteins present on
the cell surface and that the function of either
mechanism was sufficient to produce adhesion
between cells. There is, however, a fundamental
difference between the two mechanisms in that
cellular activity seems to be necessary for
calcium-dependent adhesion. At low
temperatures, for example, the calcium
dependent mechanism does not function at all,
while the calciumrindependent mechanism
works even in the absence of cellular activity,
suggesting that calcium-independent cell-cell
adhesion is purely a molecular reaction. This led
me to think that the calcium-dependent
mechanism would be of greater significance in
cellular functions and I decided to study the

phenomenon in more detail.

Cadherins are transmembrane, cell-surface
proteins that mediate cell-cell adhesion in a

calcium-dependent manner. These molecules

exlend through the cell surface membrane, and
the binding of extracellular domains of cadherin
molecules present on neighboring cells results in
cell-cell adhesion. Experiments have shown that
cadherins are essential for cell-cell adhesion and,
interestingly, that various types of cadherins
exist, each of which functions in specific types of
cells. For example, a form called E-cadherin is
expressed and functions in epithelial cells, while
another form, N-cadherin, is found in neural
cells. Cells that express cadherins of a certain
type adhere only to cells presenting the same
type of cadherins. This may help to explain the
phenomenon of selective adhesion (adhesion
only to cells of a specific type), which has been
observed in mixed populations of cells. Since the
discovery of this selectivity, dozens of varieties of
cadherins and related molecules have been
identified. Many different types of cadherins
seem to be required for the morphogenesis of
complex body structures, and while cadherins
were first discovered in vertebrates, they are
currently thought to be present in all metazoan

organisms.

Subsequent research has made it clear why
the calcium-dependent mechanism of cadherin-
mediated cell-cell adhesion requires cellular
activity. The intracellular domain of the cadherin
molecule binds to other proteins, called catenins,
which themselves interact with contractile
proteins, such as actin. These contractile
proteins seem to be important to cadherin
function, and since their activity requires
biological energy sources, it is little wonder that
cell-cell adhesion itself is dependent on the
physiological activity of cells. It can be seen from
this that cell adhesion is neither static nor a
simple gluing together of cells, but is a vital,
dynamic process. Cells utilize cell-cell adhesion

machinery in different ways, as dictated by
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specific functional demands. At times a group of
cells might form tight and stable associations,
while in a different setting the same cells might
form looser junctions or, in extreme cases,
detach from each other completely. Ongoing
research into these mechanisms suggests that
this cell adhesion machinery may be important
to understanding the behavior of metastatic
cancer cells, as indicated by the finding that
metastasis tends to accelerate when aberrancies
in cadherin function disrupt intercellular
adhesion. A number of abnormalities in cadherin
function have already been identified in cancer
cells, and [urther investligations into the role of

cadherins in cancer are strongly warranted.

It has also become clear that cadherins play
an important role in the regulation of the
functions of the specialized form of cell-cell
junction known as synapses, which are the
central points of communication in neural
networks. Multiple defects in neuronal function
have been demonstrated in experimental models
of cadherin loss-of-function. Afflictions of the
nervous system remain one of the great
unresolved medical problems confronting
mankind, and it is my hope that my work will
make a contribution to determining pathological
factors underlying neurological and psychiatric

disorders.



From integrin-binding RGD peptides to vascular

homing peptides

This Japan Prize recognizes the discovery of
the RGD cell attachment sequence and of the
cell surface receptors that recognize this
sequence in extracellular matrix proteins. The
origins of the RGD story go back to when I was a
postdoctoral fellow at Caltech 1968-1970. Some
of the Caltech researchers postulated the
existence of a zipcode-like recognition system
that would guide cell positioning during
development and in the maintenance of tissue
architecture. [ was already at that time interested
in cancer, and it seemed to me that if a
recognition system guiding cell movements and
positioning really existed, there would have to be
something wrong with it in cancer because
cancer cells do not follow positional rules. I
decided that this is what I would work on having

established my own laboratory.

Together with Dr. Antti Vaheri, who later on
became Professor and Chairman of the
Department of Virology at the University of
Helsinki, we designed experiments to isolate cell
surface proteins that might mediate cell
recognition. These experiments resulted in the
discovery of a protein that was present on the
surface of normal fibroblasts, but not on
retrovirally-transformed fibroblasts. We also
found early on that the protein was present in
normal plasma. Together with Dr. Deane
Mosher, who went to work with Vaheri, we later
named the protein fibronectin. It turned out that
ours is not the only claim to the discovery of
fibronectin, several other laboratories could
make a that claim as the identity of fibronectin

became clearer.

We spent the next few years characterizing
the properties of fibronectin in normal and
malignant cells, and, in 1977, Dr. Eva Engvall

and I found that fibronectin binds to denatured

Dr. Erkki Ruoslahti

collagen (gelalin), a discovery thal made il
possible to isolate essentially unlimited
quantities of fibronectin from plasma. Armed
with this ability, we set out to study the
functionally active domains of fibronectin, soon
focusing on its cell attachment domain. This
work really picked up in speed when a talented
postdoctoral fellow, Michael Pierschbacher,
joined the laboratory. Using a monoclonal
antibody he made, we were able to isolate a small
fragment of fibronectin that promoted cell
attachment and that upon sequencing turned out
to contain 108 amino acids. We next tested
synthetic peptides that covered this sequence,
and by following the activity and making the
peptides shorter and shorter, ended up with an
active tetrapeptide. We also showed that fourth
(C-terminal) amino acid could be varied, making
the key sequence a tripeptide-arginine-glycine-
aspartic acid, or RGD. This peptide has since
been shown to be a key recognition sequence for
cell attachment in a broad range of species

ranging from Drosophila to human.

We proposed that fibrinogen and collagens
could function as RGD-dependent cell
attachment proteins and that viruses might use
fibronectin mimicry to bind to mammalian cells.
We also suggested that RGD peptides might be
useful in blocking adhesion-dependent biological
and disease processes such as platelet
aggregation, and invasion and metastasis of
malignant cells. These predictions turned out to

be accurate.

At the time, we discovered the RGD
sequence, the cellular receptors that mediate
attachment to fibronectin and other adhesion
proteins had not been identified. Having the
RGD peptides from the cell attachment site of
fibronectin at hand, Robert Pytela, an Austrian
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postdoctoral fellow in my laboratory, succeeded
in isolating two RGD-binding receptors, a
fibronectin receptor and a vitronectin receptor.
These receptors became founding members
among a family of receptors now known as

mtegrins.

The fibronectin and vitronectin receptors
recognized different protein ligands, but in each
case, the recognition was based on the RGD
sequence. [ found this extremely exiting, it was
exactly what I had set out to look for in 1970: a
cell surface recognition system that would
resemble immune recognition. It took 15 years,
but the mission was accomplished and we were
able to put together the story in a well-cited
review published in Science (Ruoslahti and
Pierschbacher, 1987).

RGD and the RGD paradigm have generated
drugs that are used to treat diseases. The
availability of the various RGD-directed integrins
allowed us to show that RGD peptides could be
designed to be selective for individual RGD-
directed integrins (Pierschbacher and Ruoslahti,
1987). Olher inlegrins are similarly inhibiled by
peptides with sequences related to RGD (an
aspartic acid residue, in particular, is shared by
the various integrin ligands). Indeed,
pharmaceutical companies have developed RGD-
type compounds that are far more potent than
our original RGD peptides and are highly
specific for a single integrin. A modified RGD
peptide and an RGD peptidomimetic that inhibit
platelet aggregation are on the market for
prevention of restenosis after angioplasty.
Compounds that inhibit the « 4 8 1 integrin are
in use for suppression of inflammatory reactions,
and inhibitors of the « v# 3 integrin show
promise as anti-angiogenic agents. Other

applications are likely to emerge.

I have continued working on the same
paradigm that led me to fibronectin and RGD:
how do cells find their appropriate place in the
body and what goes wrong with malignant cells
that metastasize? We were using peptide
libraries displayed on phage to identify RGD-type
peptides for individual integrins, and it occurred
to me that we could use phage libraries in live
mice to detect vascular specificities that might be
involved in tumor metastasis. Indeed, we have
shown that every tissue we have analyzed puts a
specific signature on its vasculature and have
identified a tumor molecule, metadherin, that
binds (o lung vasculalure and is involved in
metastasis. We have also used the in vive phage
screening method to isolate peptides that
specifically home to tumors, and have shown
that coupling of drugs and drug-like molecules to
homing peptides can increase the potency of the
drug and decrease its side effects. The RGD
sequence and integrins have already had an
impact on clinical medicine. I hope that these
new peptides and their vascular receptors will

also prove useful in the treatment of disease.
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