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Applications of genomic medicine in endocrinology
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ABSTRACT

In the mid 1980�s, two advances revolutionized Medicine in a way that is comparable only to
some of the most important events in the approximately 3,000 years of its history. The first was
the introduction of the concept of �positional cloning�, i.e. the idea that one can identify genes
for human disease though knowing nothing or very little about their function. The second was
the discovery of the method of polymerase chain reaction (PCR) which made DNA easier to
work with for all biomedical researchers and clinicians. Fresh in the history of Endocrinology
were the great discoveries of neuroendocrinology, and even more contemporary and potent,
the influence of the then emerging field of molecular endocrinology. Cancer medicine and
traditional human genetics were the fields that benefited most from the first applications of
the new genomic concepts and technologies. Almost two decades later, and after the first suc-
cessful applications of positional cloning in Endocrine Genetics with the identification of RET,
menin, PTEN and PRKAR1A in the various forms of multiple endocrine tumor syndromes,
and a number of other genes in developmental diseases affecting the pituitary, thyroid, para-
thyroid, pancreas, adrenal and gonadal glands, endocrinology has made a comeback to the
forefront of �genomically�- influenced as well as post-genomic Medicine. This report, using
the example of endocrine tumor genetics, presents the process and some of the accomplish-
ments of positional cloning and discusses the influence of endocrinology on contemporary
translational research. The author suggests that some of the most traditional endocrine con-
cepts, established in the previous two centuries, could help us understand the complex path-
ways recently unraveled in cancer genetics and, consequently, other fields. It is suggested that
�Endocrine� genes that control cellular signaling act as �conductors� since they regulate dif-
ferentiation, growth and proliferation. Their complex function and resultant �transcriptom-
es� are now being investigated by post-genomic Medicine. In cancer research, endocrine genes
defy classic definitions of tumor suppressors and oncogenes and regulate gatekeepers, care-
takers, and landscapers. In the post-genomic, translational Medicine, Endocrinology once
again could help us to understand cellular regulation and pathophysiology and to design new
treatments.
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that endocrinologists are poised to become very fa-
miliar with translational medicine, as the many in-
teractions of some classic � and a few novel � �en-
docrine� genes are unraveled by expression profil-
ing and other techniques. It is along these lines that
these genes are called �conductors�, to contrast
them with the �gatekeepers�, �caretakers� and
�landscapers� of contemporary cancer research.
Similar endocrine concepts may help shape the un-
derstanding of new discoveries in other fields of
Medicine in a way similar to how classic Endocri-
nology assisted in the understanding of the great
discoveries of neurobiology and immunology in pre-
vious decades.

GENOMIC ENDOCRINOLOGY: POSITIONAL
CLONING OF ENDOCRINE GENES

1. The principles of positional genetics

In the process of disease gene identification, the
candidate gene approach relies on partial knowledge
of the disease. This process was successful in identi-
fying disease genes whose function was obvious. For
example, the genetic defects of most of the heredi-
tary enzymatic disorders, including congenital ad-
renal hyperplasia (CAH) syndromes, became known
in the late �80s, when the introduction of polymerase
chain reaction (PCR) made the tools of molecular
biology widely available to the medical and genetic
research community. However, at about the same
time, research stumbled on diseases without any
obvious candidate genes (e.g. the multiple endocrine
neoplasia (MEN) syndromes), or diseases that the
screening of obvious candidate genes frequently
failed to reveal mutations (for example, familial
hypoparathyroidism, in the majority of cases, is not
caused by mutations in the parathyroid hormone
gene). It was in these diseases that �reverse gene-
tics�, or more appropriately �positional cloning�,6

offered a solution. Positional cloning is complement-
ed by the Human Genome Project (HGP) and the
world wide web in making available, in a fast and
controlled manner, information that would other-
wise be inaccessible.7

The process of positional genetics is outlined in
figure 1. The first step is the collection of clinical
information from families with affected members,

INTRODUCTION

Medicine is an ever changing art, continuously
adjusting to the constant discoveries of science. This
was admirably expressed by Hippocrates: Change
in Medicine, is profound and contrasts remarkably
with the immutable nature of other Sciences. �Med-
icine cannot be learned quickly because it is impos-
sible to create any established principle in it, the way
that a person who learns writing according to one
system that people teach understands everything;
for all who understand writing in the same way do
so because the same symbol does not sometimes
become opposite, but is always steadfastly the same
and not subject to chance. Medicine, on the other
hand, does not do the same thing at this moment
and the next, and it does opposite things to the same
person, and often things that are self-contradicto-
ry�.1

Nowhere is more evident the continuous shift-
ing of ideas and practices in modern Medicine than
in cancer genetics, a field that stands at the fore-
front of genomic medicine. Evolution is so fast that,
to most observers, the core of contemporary discov-
eries and resultant theories is not visible. There does
not appear to be a theme, and when a model is pro-
posed, it quickly disintegrates and gets buried un-
der contradictory evidence and new data. A perfect
example is that of the concept of �landscaper� genes
that was introduced and supported by a few2 to be
recently questioned by many.3,4

Does this observation validate what was earlier
mentioned? Is there, in Medicine, truly a �constant
rebirth of the same old principles with a new face�?
For an endocrinologist, this hypothesis could not
even be questioned; for endocrinologists are used
to change, as long as the basic principle of cellular
communication is respected. Endocrinology is, af-
ter all, �the study of communication and control
within a living organism by means of chemical mes-
sengers that are synthesized in whole or in part by
that organism�.5

The basic thesis of this article is that Endocri-
nology is uniquely positioned in the post-genomic
era of Medicine. After reviewing the basic princi-
ples of positional genetics, the author uses his expe-
rience from the field of cancer genetics to suggest
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Once a locus on a chromosome has been identi-
fied, narrowing of the region (this region is usually
several thousands of base-pairs-long) is done
through the analysis of informative recombinations
in the studied patients. The disease region may har-
bor already mapped genes. On-line databases, (Gen
Bank, ENSEMBL � www.ensembl.org, and others,
and especially for clinicians the �on line Mendelian
inheritance in man (OMIM)�,11 may provide all the
necessary information. If a transcript is a reason-
able candidate, mutation screening may identify the
disease gene. If, however, these steps fail to identify
the disease gene, cloning of new sequences from the
area may be needed. This is usually done through
the construction of a �contig�, a contiguous array of
human DNA clones covering the disease region.
These DNA clones are maintained in large vectors
like bacterial artificial chromosomes (BACs); P1 and
cosmid clones may also be used for coverage of the
entire region or a subset of it. Contig construction
may take a long time depending on the genetic dis-
tance to be covered and the features of the genomic
region. The identification of new genes and the con-
struction of the contig is also called �chromosomal
walking�. The building blocks of this �walk� are the
individual clones, which are linked together by se-
quence-tagged sites (STSs) that are present in more
than one clone, thus providing their proper order.
Polymorphic markers (including those that were
used for the linkage part of the process) are the most
useful STSs because they provide a direct link be-
tween the genetic and the physical mapping data.
Individual clones can be sequenced; genes are iden-
tified in this process through their unique sequence
features or through in vitro translation. The latter
usually provides expressed sequence tags (ESTs)
which can then be analyzed through software that is
available on line to determine the full gene struc-
ture and identify redundancies (multiple ESTs or
STSs of the same gene) and other errors. Each one
of the newly identified genes may be screened for
mutations, as long as the expression profile of the
identified transcript matches the spectrum of pathol-
ogy of the tissues affected by the disease under in-
vestigation. Although this is helpful for most diseas-
es, for others the expression profile may even be
misleading; thus, the presence of a transcript in an

Figure 1. The steps of positional cloning (see text).

the determination of the mode of inheritance of the
defect (autosomal dominant or recessive, X-linked,
complex inheritance), and the phenotyping of sub-
jects (or tissues) following well-established criteria
for the diagnosis of the disorder under investiga-
tion. If inheritance is not known, formal segregation
analysis needs to be performed to determine the au-
tosomal or X-linked, and the recessive or dominant
nature of the inheritance.8 Once this is determined
and the penetrance of the disorder is known, appro-
priate linkage software may be used.9 For more in-
formation on currently available software packages,
the reader may check http://darwin.case.edu and oth-
er related links.

Linkage is examined with polymorphic markers
that cover the entire human genome;10 any marker
that shows polymorphism and is known to lie close
to or within a putative disease gene may be used.
Genetic linkage can be defined as the tendency for
alleles in close proximity on the same chromosome
to be transmitted together as an intact unit during
meiosis. The strength of linkage can then be used as
a unit of measurement to find out how close genet-
ically different loci are to each other. This unit of
map distance is an approximation of physical dis-
tance but is also highly dependent on other factors
(for example, the frequency of recombination is not
the same in both genders, differing along the length
of chromosomes and through the various chromo-
somes). The likelihood (Logarithm of Odds or LOD
score) method is the most widely used for linkage
analysis.
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affected tissue does not always match the pheno-
type. Complete segregation of the disease with an
identified mutation, functional proof, and/or muta-
tions in two or more families with the same disease
are usually needed as supportive evidence that the
cloned sequence is the disease gene.12

2. Positional cloning of �endocrine� genes

A number of genes were identified by positional
cloning in endocrinology in the 90�s. It is worth not-
ing, however, that endocrine tumor syndromes, de-
spite their rarity and small overall impact on every-
day clinical endocrine practice, represent a dispro-
portionately large group of diseases molecularly elu-
cidated by positional cloning.

There are, most likely, two reasons for this phe-
nomenon. First, for most endocrine tumor syn-
dromes there were no obvious candidates, unlike,
for example, conditions such as CAH. Second, po-
sitional cloning of genes responsible for familial tu-
mor syndromes is greatly assisted by the use of neo-
plastic tissue for studies such as loss-of-heterozy-
gosity (LOH), comparative genomic hybridization
(CGH) and other fluoroscent in situ hybridization
(FISH) applications. These techniques narrow the
genetically defined chromosomal regions and may
with precision identify the responsible genes; LOH
studies were critical in the identification of Von-
Hippel-Lindau disease (VHL-elongin),13 MEN 1
(menin),14 Cowden disease (PTEN),15 Peutz-Jegh-
ers syndrome (STK11/LKB1)16,17 and Carney com-
plex (PRKAR1A)18 genes.

ENDOCRINE TUMOR SUPPRESSOR GENES:
THE CONCEPT OF �CONDUCTORS�

The genes that have been identified by position-
al cloning in endocrine tumor genetics are unique
in that, although most appear to function as classic
tumor suppressors (with the notable exception of
RET in the MEN 2 syndromes19), no one functions
as a direct controller of the cell cycle or apoptosis.
Thus, these genes cannot be characterized as �gate-
keepers�.20 Nor can they be defined as �caretakers�,
since none of the endocrine tumor genes participates
in the maintenance of chromosomal or nucleotide
stability. Therefore, what best characterizes endo-
crine tumor genes?

Most endocrine human genes participate in com-
plex and highly interactive signaling pathways; they
not only control a number of other genes but they
also affect communication of multiple pathways. As
noted elsewhere,21 this is reminiscent of the inter-
net, where the relevant genes may be �nodes� or
�hubs� in this internet-like structure.22 As it happens,
most �endocrine� genes constitute parts of impor-
tant cellular �hubs�!

Can endocrine genes be functioning as classic tu-
mor suppressor genes? For some of these genes the
answer is unequivocally �yes�: both VHL and me-
nin act as classic tumor suppressor genes.23,24 VHL
may also be categorized as a �gatekeeper�.20 For oth-
er endocrine tumor genes, a different term has been
proposed, namely �landscapers�.20 It appears that
PTEN, a protein tyrosine phosphatase first found
mutated in Cowden disease15 and subsequently in
numerous sporadic neoplasms, including thyroid
cancer,25 fits the definition of a �landscaper�: a pro-
tein that is mostly (or, perhaps, exclusively) present
in the cytoplasm, where it interacts with a variety of
molecules, participating in several pathways and
affecting stromal-epithelial interactions, creating an
abnormal microenvironment that eventually leads
to epithelial cell transformation and tumor forma-
tion through complex interactions with proteins as
distinct as bone morphogenetic proteins (BMPs) and
others.26

Nevertheless, if PTEN is a �landscaper�, what is
the designation of the last in the series of endocrine
tumor genes to be positionally cloned, i.e. PRKAR1A,
the Carney complex gene?18 Even more clearly than
PTEN, PRKAR1A controls a hormonal signaling
pathway that is seminal for endocrine function; it
controls growth and proliferation signals and has a
great number of interactions with a variety of other
signaling systems.27 PRKAR1A is an example of an
endocrine gene, positionally identified as a tumor
suppressor, which may be called a �conductor�; a
controller of a hub of cellular functions, expressed
in all cells and presenting multiple faces, and sensi-
tively adapting each time to cellular needs.28

Another example of a �conductor� endocrine
gene whose role in cancer research defies the clas-
sic definitions of a tumor suppressor or an onco-
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replaced by proteins (e.g. kinases and phosphatas-
es) and the electrons by phosphates and lipids�.31

Although this statement is related to cancer re-
search,31 translational Medicine today identifies
these complex interactions everywhere,32 making it
no surprise that 30,000 � 40,000 genes (rather than
100,000 genes)33 are sufficient to produce the hu-
man phenotype. It seems that it is not the number
of genes that is important but rather the number
and quality of interactions between them, as well as
their products and translational regulation.

An almost perfect example of an endocrine con-
ductor transcriptome is the one recently presented
by Roberts et al34: the description of mitogen-acti-
vated protein kinase (MAPK) pathways during yeast
pheromone response. Similar analyses are current-
ly being used in many experiments, not only in en-
docrine tumors but also in a variety of other appli-
cations.35 In this process, investigations by microar-
rays, collection of probes for hundreds of genes at a
time (or the entire genome, depending on the type
of the array used) have become a standard. An
example from a recent study is shown in figure 3.36

gene is that of TGF-b.29 A variety of endocrine genes,
some with diverse developmental roles, like BMPs
and their receptors, as well as menin and PTEN
through their interactions with the Smad family of
proteins, participate in the complex TGF-b signal-
ing cascade.30 Most of the genes responsible for a
number of human diseases, including endocrine tu-
mor syndromes, were positionally cloned.26

POST-GENOMIC ENDOCRINOLOGY

In the history of cancer genetic research, the di-
rection of positional identification of the various
classes of genes was the reverse of that of the basic
theorem of tumor development (Figure 2). The con-
cept of �genes-conductors� is a direct evolution of
that of a �landscaper�, and it is endocrinology�s con-
tribution to genomic Medicine�s great discoveries
in cancer research.

It was recently stated that �progress in dissect-
ing signaling pathways has begun to lay out a cir-
cuitry that will likely mimic electronic integrated cir-
cuits in complexity and finesse, where transistors are

Figure 3. A cDNA array: fluorescent labeled cDNA probes,
ACTH -independent bilateral macronodular adrenal hyperpla-
sia (Cye 3) as compared to ACTH-dependent hyperplasia
(Cye5), were hybridized to glass slides containing genes involved
in oncogenesis.

Figure 2. Historically, gene identification in cancer research
followed the reverse order of that suggested in the main theo-
rem of tumor development: benign hyperplasia is more than
likely caused by a small number of changes in central, �conduc-
tor� genes that are only now being discovered, and growth to an
adenoma involves the complex interplay of �landscapers� (as
well as �caretakers�), genes that act mostly in a tumor suppres-
sor function and were identified in the mid-90�s; finally, cancer
and metastasis largely depend on the impaired function once
more of �gatekeepers�, genes that directly control the cell cy-
cle, almost all being tumor suppressors that were first discov-
ered in the late �80�s- early �90�s.
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Hence, the basic theme of this article can be sum-
marized as follows: In post-genomic Medicine, the
investigation of the transcriptome by microarrays
(Figure 3) and other means offers a new opportuni-
ty for endocrinologists to actively participate in bio-
medical research. Endocrine concepts and the re-
emergence of signaling as a primary means of un-
derstanding the complex interactions of genes may
shape the new bioinformatics tools that are needed
for the analysis of pertiment data, as well as direct
the development of new drugs that are tailored to
genomic-translational information.37,38
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