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This article, based on a presentation given by the author at the third Asan-Harvard Medical International Sympo-

sium on “Genomics and Proteomics: Impact on Medicine and Health” in Seoul, Korea, July 3–4, 2001, discusses

an iterative translational research approach to delineate the basic mechanism of human development. The study

of humans to increase the understanding of mammalian development has critical advantages that make its

limitations acceptable for certain types of studies. For instance, by looking at families affected by birth defects,

researchers can gain insight into the basic mechanisms of development and how genes program organisms to

assume their permanent, or adult, morphological shapes. A number of malformation syndromes have some

overlapping manifestations, despite being phenotypically and, in some cases, genetically distinct. What can

researchers learn from this? The author’s research group clinically and genetically analyzed families affected with

the Pallister-Hall syndrome. The researchers then went on to look at the McKusick-Kaufman syndrome, a disorder

that is more common among the Old Order Amish of Lancaster County, Pennsylvania, in an attempt to understand

more about genes, genetic pathways, and syndrome families. Genet Med 2002:4(6, Supplement):39S–42S.
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Among a number of potential approaches to delineate mecha-
nisms of human development, the study of families affected by
birth defect syndromes has numerous advantages. The goal is to
understand basic mechanisms of development and how genes
program organisms to assume their permanent, or adult, mor-
phological shapes. This approach integrates human studies with
model systems, such as fruit flies, mice, worms, and other more
simple organisms. The approach is iterative, which is to say that it
is necessary to cycle those data back to the clinic and again to the
laboratory to understand both the problems that our patients suf-
fer and the mechanisms of development.

The study of humans to increase the understanding of mam-
malian development has critical advantages that make its lim-
itations acceptable for certain types of studies. First, extremely
detailed study of the organism is possible. There is no animal
on this planet that is studied in as exquisite detail as the human.
This study has been going on for over a century: The beginning
of the century was marked by early morphologic studies,1 the
middle with detailed embryonic and fetal pathologic work,2

and in the third part of the century, the detailed clinical study
of human malformations and birth defects.3 This comprises a
vast storehouse of information that no animal system comes
close to matching. The range of phenotypes in humans is enor-

mous. There are many more human phenotypes than there are
model system phenotypes, primarily attributable to the high
level of medical and lay interest in the understanding of these
disorders, which has resulted in development of a number of
sophisticated analytic tools. Not only is the number of pheno-
types large, but there are numerous subtle malformations and
functional abnormalities as well. These disorders are thought-
fully catalogued in a number of medical databases, although
work needs to be done to integrate a number of disparate
sources. The challenge for the clinical researcher is to exploit
these advantages and apply as many of them as possible to the
study of patients to address important biological questions and
improve health.

Despite its power, using humans as the primary research sub-
ject has limitations. In the study of human development, it is (ob-
viously) not appropriate to experimentally manipulate the system
to test hypotheses. In addition, there is limited access to tissues
and organisms during development, and it is possible to monitor
development only at certain time points and using certain tech-
niques, most of which are noninvasive. The final limitation or
disadvantage is that study of humans is both expensive and slow.
The American medical care system is very sophisticated but ex-
traordinarily expensive. Clinical research costs are generally com-
parable to clinical care costs and thus are very expensive as well. In
addition, as a genetic model system, the human has a long gener-
ation time, so families must be followed over long periods of time
to study additional affected individuals and natural history and to
determine modes of inheritance.

The typical approach to human translational research is to
take a basic laboratory discovery and creatively apply that
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knowledge to effect an improvement in clinical care. This is no
small task, yet there is much more that can be derived from
working at the clinical-bench research interface. The goal is to
make clinical research more iterative and impart more feed-
back and bidirectionality within the system. The end result of
this is to extract the maximum possible amount of basic
knowledge from patients and supply the maximum amount of
beneficial knowledge back to the patients. For example, once
the molecular etiology of a syndrome is known, the researcher
can go back to the clinic and look at the patients again to de-
termine whether this molecular etiology can tell us something
important about the patients. The researcher can then use
these clinical and molecular data together to develop novel
hypotheses about mechanisms of development, modifying fac-
tors, environmental variables, or other disorders with overlap-
ping manifestations. The goal is to keep the cycle in motion,
continually extracting new information and improving the
care of our patients.

There are numerous examples of this type of iterative trans-
lational research that can be used to illustrate this concept. The
example cited here constitutes a family of syndromes, that is, a
number of malformation syndromes that have some overlap-
ping manifestations but are phenotypically and, in some cases,
genetically distinct. The first disorder is the Pallister-Hall syn-
drome (PHS), which comprises hypothalamic hamartoma,
imperforate anus, laryngeal anomalies, and central polydac-
tyly, with shortening of the terminal digits.4,5 The disorder is
inherited in an autosomal dominant pattern and has signifi-
cant interfamilial variability. Remarkably, there are only five
disorders with central polydactyly, and each of those is rare.6

For that reason, there was little knowledge, either clinical or
basic, on this malformation or on PHS. My research group
performed a clinical and genetic analysis of families affected
with this disorder and determined that it is caused by muta-
tions in the GLI3 zinc finger transcription factor gene.7 This
result was startling to us because approximately 7 years previ-
ously, alterations in that gene had been shown to occur in
patients who have a different malformation syndrome, the
Greig cephalopolysyndactyly syndrome (GCPS).8 The gene
was cloned in 1990 because those patients had balanced trans-
locations that interrupt the gene. GCPS is a distinct disorder of
human development caused by haploinsufficiency of GLI3.

A number of questions arose that sent us immediately back
to the clinic. The immediate challenge was to confirm that
these syndromes were distinct (which they clearly are) and to
carefully delineate how they were distinct. The next challenge
was to search the scientific literature to develop a model that
could explain how two distinct phenotypes are caused by mu-
tations in a single gene. It turned out that the Drosophila ho-
mologue of GLI3 is Cubitus interruptus, or ci, and mutations in
ci cause a wide range of phenotypes in fruit flies.9 The mildest
end of that spectrum of abnormalities is abnormal wing vein
patterning, whereas more severe mutations cause early larval
death (http://flybase.harvard.edu). ci functions in a genetic
pathway downstream of the hedgehog signaling molecule. ci
resides in the cytoplasm, and upon hedgehog signaling, it mi-

grates to the nucleus and activates the transcription of down-
stream genes. Alternatively, ci protein can be cleaved into a
shorter form, which is a negative controller of downstream
genes, and this short form translocates to the nucleus to turn
off the expression of downstream genes.10

The combination of what the patients and their mutations
were telling us, together with what was known about fruit flies,
led to the proposal that the GLI3 protein was cleaved by the
same mechanism as was the ci protein.11 Furthermore, the
truncation of the GLI3 protein, if constitutive, would be ex-
pected to have a different clinical consequence than would
haploinsufficiency of the gene. This distinct biological mecha-
nism was hypothesized to result in a different syndrome, PHS
instead of GCPS. The model proposes that the PHS mutation
changes the quality of the signal, but not the quantity. In con-
trast, the GCPS mutation changes the quantity but not the
quality. The model has been shown to be substantially correct.
It has been shown that GLI3, like ci, is proteolytically pro-
cessed.12 Thus the study of a disorder affecting only a few hun-
dred or perhaps a thousand people can not only benefit those
patients directly, but can illuminate basic mechanisms of
mammalian development.

The story could stop there but continues into the next iter-
ative step of this translational research project. We hypothe-
sized that in syndrome families that share certain malforma-
tions, these malformations should be caused by mutations in
genes in connected developmental pathways. That is, muta-
tions in genes that comprise a pathway should produce human
malformation syndromes that have overlapping manifesta-
tions. This is an example of where the enormous amounts of
catalogued human data are critically important. The accom-
plishment of this next step required going into the literature to
find the disorder to match the hypothesis. This match turned
out to be the McKusick-Kaufman syndrome (MKS).13 This
disorder is inherited in an autosomal recessive pattern and
comprises central polydactyly (though postaxial polydactyly
may be more common), congenital heart disease, and hy-
drometrocolpos (congenital uterine outflow obstruction that
leads to uterine dilatation and secondary compromise of other
organs). This disorder is again rare, with fewer than 100 case
reports in the medical literature. However, it was clear that this
disorder was much more common among the Old Order
Amish of Lancaster County, Pennsylvania.14 This is a closed
population of religiously conservative persons who immi-
grated to the United States in the mid-18th century. They now
number between 50,000 and 100,000 persons and are all de-
scended from only several hundred founders. Because of this
population structure, the group has an increased frequency of
a number of disorders that are inherited in an autosomal re-
cessive pattern. The population structure is thus well suited to
homozygosity mapping approaches.

In addition to the basic population structure, the Amish
have a strong interest in genealogy. Our need to draw accurate
extended pedigrees for linkage calculations required develop-
ment of methods to accurately extract genealogy information,
check it for accuracy, and construct valid pedigrees. To address
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this problem, the Amish genealogy database was developed,
which is a unification of the three largest genealogies, which
together comprise nearly 300,000 people.15 The next step was
to build a software tool to be able to query that database.16 This
software requires input of a list of families who share the at-
tribute of having children affected with the same genetic dis-
ease and outputs the simplest pedigrees that connect these
families. These pedigrees are then processed further to deter-
mine which is the simplest pedigree with the most recent
founder couple.

The gene for MKS was mapped with a whole genome scan
with 385 markers.17 This study defined a region of homozygos-
ity on chromosome 20p, converted that to a physical map,
sequenced BAC clones from gaps in the map, defined the gene
content, and searched for mutations in the genes in that region.
However, this is where the strength of the Old Order Amish
genetic structure becomes a liability. The mutation screen
identified two substitution mutations in a single mutant chro-
mosome in a candidate gene with no known function. Because
the Amish are a closed isolate, it is impossible to prove the
sequence variants are pathologic. For this reason, it was neces-
sary to identify a sporadic (non-Amish) case of MKS. When
the authors of published case reports were contacted, there
were three typical responses: the patient(s) was (were) de-
ceased or they were lost to follow up, but in the rest, the diag-
nosis had been changed. The reporting physicians noted that as
the patients got older, it was determined that they no longer
held a diagnosis of MKS but instead had a different disorder.
Eventually, a newborn girl with MKS was identified and found
to be a compound heterozygote for a substitution on one allele
and a 2-bp deletion on the other allele in the same gene that was
identified in the Amish.18 This confirmed that mutations in
this novel gene cause the MKS.

Again, at this point, the standard approach would be either
to move on to another disorder or to study the pathophysiol-
ogy and biology of this protein. However, the intriguing fact, as
noted above, was that many of the patients who were previ-
ously diagnosed with MKS had their diagnoses changed. Sur-
prisingly, all of the diagnoses were changed to the Bardet-Biedl
syndrome (BBS),19 and this has been noted by others as well.20

As these children got older, they developed mental retardation,
pigmentary retinopathy or blindness, diabetes, and obesity.
Before this work, BBS was thought to be a multiple malforma-
tion syndrome that was completely unrelated to MKS. The
critical observation is that many of the manifestations that are
specific to BBS are age-dependent, so although MKS was diag-
nosed in the nursery, the development of other features with
time necessitated a change of the diagnosis of BBS. At that
time, there were five loci in the genome known to harbor (un-
identified) genes that cause BBS, but 10% of the BBS families
did not link to any of those five loci. On this basis, we hypoth-
esized that BBS and MKS were a phenotypic continuum and
that a subset of BBS patients have mutations in theMKKS gene.
To test this hypothesis, samples of BBS deoxyribonucleic acid
not known to map to the five loci were sequenced and muta-
tions were identified in patients.21,22 These mutations are dif-

ferent from the Amish mutant allele. Because the BBS patients
with mutations inMKKS all have at least one null mutation, we
hypothesize that the Amish MKS allele is a hypomorphic allele
to the allele that causes BBS in the non-Amish. At this point, it
is necessary to return to the clinic and carefully review patients
with BBS and MKS to determine if there is significant overlap
in these phenotypes. Again, this is another iteration of the ap-
proach of taking basic science data back to the clinic, reformu-
lating a hypothesis, and asking additional questions to advance
our knowledge of our patients.

We began this project by studying a syndrome of extreme rar-
ity, PHS. The causative gene led us to an allelic syndrome (GCPS)
and a mechanism of disease (GLI3processing). By following these
phenotypes, we entered into the study of another rare disorder,
MKS. The causative gene for MKS showed that it is allelic to a
form of BBS. Thus this iterative approach to human developmen-
tal biology is beginning to spin a web of understanding of genes,
genetic pathways, and syndrome families. Although such an ap-
proach to biology cannot be considered high-throughput, it is
productive and valuable. Key insights into normal and abnormal
development have been made, and our clinical knowledge of these
syndromes has been significantly expanded. This iterative ap-
proach to human development is not inexpensive, fast, nor glam-
orous work, yet it is productive, rewarding, and has yielded signif-
icant benefits for the subjects.
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