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Overview

The research group Development & Disease was established in October 2000. In August 2001
the group moved into the renovated laboratories on the 3rd floor. The group is part of and works
in close collaboration with the Institute for Medical Genetics, which is located at the Campus
Virchow of the Charité, Humboldt University, Berlin. The Institute for Medical Genetics pro-
vides clinical and diagnostic service for the Charité and the Berlin/Brandenburg area. Research
at the Institute covers a broad spectrum of clinical and molecular analysis of genetic malforma-
tion syndromes and, as another major focus, tumor genetics. The combination of the basic
science-oriented research group at the MPIMG with the more clinically oriented Medical Ge-
netics group provides a unique opportunity for interaction. It has set the basis for many projects
that focus on the molecular pathology of clinically defined conditions.

One of the fundamental questions in modern biology and medicine are the mechanisms by
which the genotype determines the phenotype. Human genetics is a paradigm for this problem.
In spite of our increasing knowledge about genetic diseases and the causative genes involved,
we are frequently unable to predict the outcome, i.e. the phenotype or the course of a condition.
Our focus is on the mechanisms by which the skeleton forms. The skeleton is a particularly
useful system to study phenotype-genotype correlations because of the innumerable possibili-
ties of phenotypic expression and the involvement of a limited number of cell-types (chondrocytes,
osteoblasts and osteoclasts). The field of skeletal biology has expanded considerably in the last
decade and has produced a number of breakthroughs that have led to a clearer understanding of
skeletal development and function. Patterning genes such as the Hox-, Pax-genes control the
overall bauplan of the skeleton and instruct mesenchymal cells where and how to differentiate
into the skeletal anlagen. Sox9, Sox5, Sox6, and Runx2 have been identified as essential tran-
scription factors that control the differentiation of determined precursor cells into chondrocytes
or osteoblasts, respectively. Factors that control proliferation and differentiation such as the
FGFs and their receptors and extracellular matrix proteins such as the proteoglycans or the
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collagens are essential for proper growth of the skeleton before and after birth. Genes that
control differentiation and function of osteoclasts are important for the regulation of bone re-
sorption and homeostasis. The focus of our research is on the molecular basis by which the
structure and function of the skeleton is regulated during vertebrate development. On a longer
term, we want to understand the function of all relevant genes expressed in cartilage/bone and
unravel their regulatory network.

Results

To reach a better understanding of bone development and maintenance, we use three major
approaches. First, we take a more comprehensive approach to identify and eventually character-
ize all relevant genes in this process. Second, we have established in vitro and in vivo systems to
evaluate the function of selected genes, and third, we use a classic human genetics approach to
identify novel disease related genes. Thus, our goal is to combine Human Genetics with func-
tional genomics in order to understand pathology and normal development of the skeleton.
Using this strategy, we have established the following projects:

Gene expression in bone/cartilage

We have chosen the E14.5 mouse humerus as a model system for all further studies. At
this stage, the humerus contains all cells and differentiation steps neccessary for bone
development, i.e. undifferentiated mesenchymal progenitor cells (perichondrium), undif-
ferentiated, proliferating and hypertrophic chondrocytes (growth plate), osteoblasts (bone),
invading blood vessels, and osteoclasts. Thus, with a single histological section through
the E14.5 humerus, all of these differentation stages can be captured at once in a two-
dimensional system. We have extensively characterized this system histologically and by
in situ hybridization to detect specific expression patterns of genes. Furthermore, we have
conducted expression array analysis based on Affymetrix chip technology to gain infor-
mation on the number and type of genes expressed. Based on this system we compare the
expression of different mutants with the wt expression to identify regulated genes.

In order to get information on the expression on the cellular level, we have established an
automated non-radioactive in situ hybridization methodology that allows for a relatively high
throughput analysis of gene expression. Analysis of the first large scale expression studies shows
multiple unique patterns that can easily be linked to certain cells types and differentiation steps
and thus gives important information about gene function. This system has proved to be an
invaluable tool for all further studies. Together with M.L. Yaspo, Dept Lehrach, MPIMG, we are
investigating the expression of all chromosome 21 genes in our system in order to identify genes
that have a role in cartilage/bone growth. It can be expected that the overexpression of one of
these genes or a combination of them is reponsible for the short stature and brachydactyly in
trisomy 21. We have established a database with the expression patterns of the genes already
studied to provide a tool for further analysis.

Genetic and functional analysis of hereditary skeletal phenotypes

(A) Hand malformations. Hand malformations are caused by defects in patterning genes. Brachy-
dactyly, a special form of hand malformation, refers to shortening of the hands/feet due to absent
or small fingers/toes. Our group has contributed to unravel the genetic basis of several brachy-
dactylies. To investigate the molecular pathology of these conditions we have established model
systems in the mouse (transgenic, knock out, spontaneous mutations), the chick embryo
(overexpression using retroviral systems) and in vitro (micromass). Our results show that the
genes involved in the pathogenesis of brachydactyly are part of a molecular network regulating
early chondrocyte differentiation and joint formation.

We were able to show that specific mutations in the ROR2, a receptor tyrosine kinase, result in
brachydactyly type B (BDB), a human limb malformation syndrome with hypoplasia/aplasia of
distal limb structures. The mutations identified in BDB patients are predicted to result in trunca-
tion of the receptor, either before or after the tyrosine kinase. Our studies aim at the functional
analysis of Ror2 during development. In order to recapitulate this disease phenotype we have
expressed the BDB-mutations in the chick embryo system. In collaboration with P. Knaus,
Institute of Physiological Chemistry, University of Wiirzburg, we were able to show that Ror2
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interacts with the BMP-pathway through a negative feed back loop,
and that Ror2 is cartilage-inductive through Smad-independent path-
ways. Using the yeast two-hybrid-system we have identified com-
ponents of the intracellular signaling cascade of Ror2 that give novel
insights into the signal transdution pathway of this receptor. RNA-
profiling using Affymetrix chip technology has identified a number
of regulated genes in E14.5 humeri of Ror2-/- mice.

In previous studies we have identfied mutations in the transcription
factor HOXD13 as the cause of human synpolydactyly. The muta-
tion is an in-frame expansion of an alanine-coding repeat in the 5°-
region of the gene. To get further insight into the mechanisms of the
mutation we are investigating the mouse mutation spdh, which car-
ries the identical alanine-expansion in Hoxd13. We were able to
show that the brachdactyly observed in spdh mice (and humans) is
due to the persistent expression of Hoxd-genes resulting in a) a re-
duced rate of chondrocyte proliferation, b) a block in chondrocyte
differentiation, and c) a lack of phalangeal joint formation. Using
the cre-loxP system we are selectively inactivating Hox-genes from
the 5’ D-cluster in order to dissect the different functions of Hox
genes during development of the limb skeleton. /2 vitro experiments
using Hoxd13 with different alanine repeat expansions have revealed
anovel mechanism by which these mutations are likely to function.
Expansmn. of the r.epeat beyond.a ce@m threshold results in the Section (top) and whole mount (bottom) in situ
accumulation of misfolded protein outside of the nucleus. Further- 1, i/izarion of E13.5 hands of normal (lefi) and
more, the mutated protein prevents wt protein from entering the /g, (right) mice. Gene expression is indicated by
nucleus, possibly explaining the dominant nature of the condition. e presence of white (top) or brown (bottom) color:
This mechanism may explain the molecular pathogenesis of other 7%e developing joints between the phalanges, as
alanine-expansion diseases as well and could thus provide the basis abeled by the presence or absence (arrows) of gene
fora new mutational mechanism. Together with V. Kalscheuer, Dept. expression, are disturbed in the mutant.

Ropers, MPIMG, patients with translocations 5° and 3° of the HOXD-cluster have been inves-

tigated in order to identify regulatory elements that are disrupted by the translocations.

The mouse mutant short digits (Dsh) has a similar phenotype as human brachydactyly type A1,
but has no mutation in Indian hedgehog (IHH), as its human counterpart. We have extensively
studied this mutant and were able to show that Dsh is allelic with Sonic hedgehog (Shh), a
secreted signaling molecule with a central role during development. Using a positional cloning
approach, we are investigating the region around Shh for regulatory mutations. In addition, we
have carried out extensive studies to characterize the mechanism of brachydactyly in Dsh/+
embryos. The results suggest that Dsh is caused by a regulatory mutation affecting Shh expres-
sion and a mutation in a second gene responsible for the brachydactyly phenotype.

-1

Through national and international collaborations we
have been able to study several families with brachy-
dactyly. Using a positional cloning approach, we were
able to identify the gene for brachydactyly type A2, a
condition characterized by shortening of the index fin-
ger. Two mutations were identified in the bone morpho-
genetic protein (BMP) receptor 1B, a serine threonine
receptor kinase known to play an essential role in sev-
eral developmental processes. The mutations result in a
dominant inactivation of the receptor, as shown by in
vitro experiments due to a lack of Smad activation.
Overexpression of the mutant receptors in chick em-

_ 3 ¥ . bryos results in a brachydactyly similar to the human
R, . - phenotype. Several other families with limb brachydac-
tyly phenotypes have been ascertained that are currently
being mapped.

Brachydactyly type A2 caused by a mutation
in the bone morphogenetic protein receptor
IB (BMPRIB).
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(B) Other skeletal conditions. In a previous study we were able to show that Runx2 is essential
for the differentiation of precursor cells into osteoblast and for the differentiation of chondrocytes.
Using in vivo approaches including transgenic mice and overex-pression in chick embryos as
well as an in vitro micromass system we were able to show that Runx2 is a) not sufficient to
p induce bone and b) a positive regulator of chondrocyte differentia-
tion. Ina complimentary approach, we are using RNA-profiling tech-
niques to isolate regulated genes that are differentially expressed in
the E14.5 humerus of Runx2-/- vs. wt mouse embryos. The com-
parison of gene expression has revealed approx. 80 regulated genes.
All of these genes have been evaluated for their expression patterns
using the automated in siti hybridization system. Through this screen
we were able to identify a large number of so far unknown bone-
expressed genes. Interesting candidates are being evaluated for their
function and regulation. Together with the Dept. Vingron, MPIMG
Runx target genes are identified by searching promotor sequences
for Runx binding sites. Candidates are tested by in sifu hybridization
analysis and quantification of mRNA levels in wt vs. Runx2-/- mice.

Recently, we are able to identify mutations in the membrane trans-
porter Ank as the cause of craniometaphyseal dysplasia (CMD), a
dominantly inherited skeletal dysplasia with increased bone forma-
staining blue and bone staining red. Overex- tion and density (sclerosis). Ank has been shown to transport inor-
pression of a transcription fuctor identified anic pyrophosphate (PPi) from the cytoplasma to the extracellular
in the Runx2 screen results in severe bending - space. We use the ank/ank mouse as a model to study bone homeo-
of the tibia and a retardation of bone forma- - stasis and have established in vivo and in vitro assay systems to monitor
tion (right side). bone density/degradation.

Preparation of a chick skeleton with cartilage

Identification of disease genes

An important part of our project includes the clinical evaluation and ascertainment of individu-
als and families with hereditary conditions. During the past year, the clinical genetics unit at the
Charité has been restructured and now provides an excellent tool for this purpose. In collabora-
tion with P. Niirnberg, MDC, several other conditions with skeletal dysplasia or decreased bone
density have been mapped. In one, the causative gene defect has been identified (SED Omani
type). Mapping is an extremely powerful approach to identify disease genes but in the great
majority of cases no large pedigrees are available. Together with the Dept. Ropers, MPIMG we
are establishing a center for array CGH (comparative genome hybridization). This technology
will enable us to screen genome wide for deletions at a very high resolution, opening up new
avenues in the identification of genotype-phenotype correlations.

Molecular biology of fracture repair

In the event of injury, bones heal by generating new bone rather than by scar tissue.
Recent studies have provided evidence that skeletal regeneration as it occurs in fracture
repair is similar to embryonic bone development. In this project we intend to systemati-
cally evaluate and categorize genes that are expressed during the early phase of fracture
repair. To do this we use the controled fracture of the sheep tibia as a model and callus
from these fractures as a source of material. We have established a cDNA library of the
fracture tissue. In collaboration with the Dept. Lehrach, MPIMG, we will use this library
as a basis for a comprehensive study of genes involved in fracture repair.

Evolution of the skeleton

Cartilage/bone and haematopoesis evolved in a multi-step process in early chordata evo-
lution. In mammals there are only three runt-transcription factors. Whereas Runx2 is es-
sential for bone development, Runx1 is of crucial importance for haematopoesis. Runt
genes appear to be particularly useful to analyze in which way gene duplications are
related to the evolution of new characters. The aim of the project is to analyze the number,
structure and expression of runt genes in branchiostoma, hagfish, lampery and sharks.
According to our phylogenetic analyses two runt gene duplications occurred in early
chordata evolution.



Goals

An important future goal is to expand our knowledge of pathogenetic pathways by study-
ing factors that modify a phenotype known to be caused by a certain mutation. Our ap-
proach to this problem will include extensive studies of downstream factors that are regu-
lated by a certain mutation in order to identify interacting genes. For an effective func-
tional testing of genes we will have to optimize our systems of gene/mutation testing. A
complementary approach will be to systematically identify all genes that are relevant for
the formation of the skeleton. Systematic in situ hybridization will greatly enhance our
knowledge about gene function in this system. It will thus be of utmost importance to
obtain a sufficient amout of data in this system.
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