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The vertebrate body can be subdivided along the antero-posterior (AP) axis into repeated structures called segments. 
This periodic pattern is established during embryogenesis by the somitogenesis process. Somites are generated in a 
rhythmic fashion from the paraxial mesoderm and subsequently differentiate to give rise to the vertebrae and skeletal 
muscles of the body. Somite formation involves an oscillator-the segmentation clock-whose periodic signal is 
converted into the periodic array of somite boundaries. This clock drives the dynamic expression of cyclic genes in 
the presomitic mesoderm and requires Notch and Wnt signaling. Microarray studies of the mouse presomitic 
mesoderm transcriptome reveal that the segmentation clock drives the periodic expression of a large network of 
cyclic genes involved in cell signaling. Mutually exclusive activation of the Notch/FGF and Wnt pathways during each 
cycle suggests that coordinated regulation of these three pathways underlies the clock oscillator. In humans, 
mutations in the genes associated to the function of this oscillator, such as Dll3 or Lunatic Fringe, result in abnormal 
segmentation of the vertebral column such as those seen in congenital scoliosis. Whereas the segmentation clock is 
thought to set the pace of vertebrate segmentation, the translation of this pulsation into the reiterated arrangement of 
segment boundaries along the AP axis involves dynamic gradients of FGF and Wnt signaling. The FGF signaling 
gradient is established based on an unusual mechanism involving mRNA decay which provides an efficient means to 
couple the spatio-temporal activation of segmentation to the posterior elongation of the embryo. Another striking 
aspect of somite production is the strict bilateral symmetry of the process. Retinoic acid was shown to control aspects 
of this coordination by buffering destabilizing effects from the embryonic left-right machinery. Defects in this 
embryonic program that controls vertebral symmetry might lead to scoliosis in humans. Finally, the subsequent 
regional differentiation of the precursors of the vertebrae is controlled by Hox genes, whose collinear expression 
controls both gastrulation of somite precursors and their subsequent patterning into region-specific types of 
structures.  Therefore somite development provides an outstanding paradigm to study patterning and differentiation in 
vertebrate embryos. 
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The Hox (or homeobox-containing) genes are a family of evolutionarily highly-conserved transcription factors that 
regulate anterior-posterior (A-P) patterning along the axis of the developing embryo. The vertebrate Hox genes are 
related to the Drosophila homeotic gene complex (HOM-C). There are 39 vertebrate Hox genes, and they are 
arranged into 4 separate chromosomal clusters (HoxA-D) that arose upon genome duplication. Each chromosomal 
cluster contains a select set of genes whose linear organization along the chromosome reflects their ordered 
expression and function in patterning structures along the A-P axis of the embryo.  The Hox genes therefore provide 
a combinatorial code and molecular mechanism for regulating the regional character of many structures along the A-
P axis. A primary site of Hox activity is the paraxial mesoderm which generates somites that give rise to the axial 
skeleton. The iterative process of segmentation generates somites that differentiate into cervical, upper thoracic, 
lower thoracic, lumbar, sacral, and caudal vertebrae according to their position along the A-P axis. Upon formation 
somites already possess the A-P information needed to generate their final vertebral identity. This A-P information is 
thought to be governed by early differences in the vertebral programs regulated by the ordered patterns of Hox gene 
expression or “Hox code”.  
 

 
To investigate the role of Hox genes in patterning the most anterior vertebrae we have used genetic studies to 
characterize skeletal phenotypes in mice carrying single and compound mutations in Hox group 1 and group 2 genes 
(Hoxa1, Hoxa2, Hoxb1 and Hoxb2). Our analyses reveal differences in the functional overlaps and dosage of these 
genes in pattering distinct vertebral domains. To understand how Hox expression is controlled in developing 
mesoderm we have performed regulatory studies using transgenic assays and evolutionary conservation between 
species to identify the cis-elements that direct Hox expression in mesoderm. We find important roles for Wnt 
signaling, Cdx transcription factors and chromatin remodeling complexes in controlling Hox expression in vertebral 
patterning. A screen was performed to probe for signals and factors that modulate tissue interactions in axial 
patterning. Through this approach we identified a secreted cystein knot protein, Wise/Soctdc1. Wise plays an 
important early role in regulating bone density and the proliferation of osteoblasts. Our findings and latest results in 
these areas of bone patterning will be discussed during the presentation.   
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In fetal life parathyroid hormone (PTH)-related protein (PTHrP) is produced by cells at the ends of long bones and 
acts on the PTH/PTHrP receptor as chondrocytes decide to either keep dividing or instead stop dividing and 
differentiate into hypertrophic chondrocytes.  The actions of PTHrP serve to keep chondrocytes dividing.  In the 
absence of the PTH/PTHrP receptor, proliferating chondrocytes rapidly differentiate instead of continuing to 
proliferate, and bones fail to lengthen normally.  As a result mice all die at the time of birth or earlier.  As a result, 
possible roles for the PTH/PTHrP receptor in the growth plate after birth have been uncertain. 
 
Here we use the cre-lox approach to ablate the PTH/PTHrP receptor gene after birth.  We use the collagen II-creERt 
mouse constructed by Susan Mackem.  In this mouse, cre is produced in collagen II-producing chondrocytes but is 
inactive because it is covalently bound to a mutant form of the ligand-binding domain of the estrogen receptor a that 
responds only to tamoxifen.  In the absence of tamoxifen, this fusion protein is cytoplasmic and only moves to the 
nucleus where it is active in response to tamoxifen administration.  Mice expressing this gene as well as a floxed 
PTH/PTHrP receptor gene were treated with tamoxifen at various times after birth.  Remarkably, within 10 days of 
tamoxifen administration, the growth plates of these mice disappear (growth plate “fusion”).  At times prior to the 
disappearance of the growth plate, studies of gene expression suggest that the flat proliferating chondrocytes rapidly 
stop proliferating and instead produce Indian hedgehog and then collagen, type X in an accelerated fashion.  
Apoptosis is also accelerated, not just in the morphologically late hypertrophic chondrocytes as in normal growth 
plates, but also in chondrocytes throughout the distal growth plate.   
 
To determine whether this apoptosis is required for the disappearance of the growth plate, we put mice on a low 
phosphate diet the day before tamoxifen administration.  Low phosphate diet was used because this diet has been 
reported to suppress apoptosis of late hypertrophic chondrocytes, resulting in the rachitic expansion of the 
hypertrophic chondrocytes.  When the coll II-creERt; floxed PTH/PTHrP receptor mice were put on a low phosphate 
diet and then given tamoxifen, the growth plate persists for a prolonged time, with suppression of both normal and 
ectopic apoptosis.  Thus, apoptosis is an important mechanism of growth plate fusion in this model.   
 
The findings in these studies suggest that PTH/PTHrP receptor signaling postnatally is required for continued 
presence of the growth plate and raises the question of the role of PTH/PTHrP receptor signaling in human growth 
plate fusion.  Unfortunately, since mice do not fuse their growth plates at the time of puberty in an estrogen-
dependent fashion as humans do, we cannot test the possible involvement in this estrogen-dependent process in the 
mouse.  However, people with Albright’s hereditary osteodystrophy are known to have premature growth plate fusion.  
Since the defect in these people, mutation of one copy of the Gs a gene, involves one of the mediators of PTH/PTHrP 
receptor function, it is possible that PTH/PTHrP receptor action is required during human childhood to maintain 
normal growth plate function and prevent premature growth plate closure. 
 
 


