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  Fig. 5.  Expression of  CBE s in the developing adrenal gland. All components of the CBS pathway are represented by at least one expressed 
isoenzyme in the developing adrenal gland. Expression of  CBE s does not necessarily overlap with proliferating cells ( Mki67  ISH image top 
left) but is in strong agreement with the expression patterns observed for steroid hormone synthesis   (bottom rows separated by a line). For 
abbreviations see the  Fig. 2  legend.   
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that shed light on and are relevant for cholesterol’s physi-
ological roles:  i ) in the biogenesis and stability of mem-
branes,  ii ) as a precursor for adrenal steroids; and  iii ) as an 
essential covalent modifi er of Hh proteins. 

 The expression patterns of CBEs strongly resemble 
those of enzymes mediating cellular energy metabolism 
that constitute the Krebs cycle and glycolysis. These en-
zymes, like the CBEs, provide building blocks for cellular 
structures. In the case of the rapidly growing embryo, such 
building blocks are constantly and ubiquitously required. 
Nonetheless, neither TCA nor glycolytic enzymes and CBEs 
are uniformly expressed, but there are substantial differ-
ences in expression levels between and within tissues  . 
Emblematically,  CBE  expression levels in developing neo-
cortex and retina were examined. Both tissues are charac-
terized by the presence of proliferating and postmitotic 
differentiating neurons. We found that the highest levels 
of  CBE  expression in the retina are found in the inner neu-
roblastic layer, devoid of any substantial cell proliferation, 
but characterized by neuronal differentiation tied to grow-
ing neurites that eventually have to reach distant targets in 
the brain. In addition, the developing retina is character-
ized by the formation of synaptic connections. Both axon 
genesis and synapse formation require the formation of 
new membrane bilayers. In the neocortex, the highest 
 CBE  levels are seen in the ventricular zone in which cells 
divide at high rates and, therefore, membrane synthesis is 
critical in the ventricular zone. Additionally, neuronal 
progenitors of the ventricular zone receive growth factor 
signals from the cerebrospinal fl uid-fi lled ventricle. These 
factors bind to their cognate transmembrane receptors, 
some of which are organized in cholesterol-containing 
lipid rafts. 

 It is interesting to compare the  CBE  expression data 
with measurements of total sterols in the mouse embryo 
( 23 ). Based on a comparative analyses of  Dhcr7  knockout 
(a SLOS model) and wild-type mice, it was concluded that 
in the brain, cholesterol is chiefl y of maternal origin until 
about E10–E11. In liver and lung, the dam provides cho-
lesterol until about E12–E14. These data are in strong 
agreement with our ISH data that defi nitely show the pres-
ence of expression of  CBE s by E14.5. 

 The present study also clarifi es the spatial relationship 
of the localities of CBS and of  Shh  expression. As a proxy 
for the former, the expression of  Hmgcr  was used, because 
this gene encodes a key regulatory enzyme of CBS. The 
most important fi nding in this part of the study is that  Shh  
and  Hmgcr  are overlapping, but not always and not com-
pletely; we show cases in which expression domains of the 
two are adjacent. In this situation, one would hypothesize 

that cholesterol would have to be taken up by  Shh -express-
ing cells either from neighboring tissues that synthesize 
this compound or from cerebrospinal fl uid that fi lls the 
space of the brain ventricles  . 

 Because the expression patterns of  CBE s seamlessly fi t 
into the data deposited on the GenePaint and EUREx-
press databases, the  CBE  data can readily be integrated 
into that body of transcriptome-scale data. We illustrate 
this point by combining expression data for  CBE s with 
those of the enzymes that convert cholesterol to adrenal 
steroids. This way, the complete pathway starting from 
acetyl-CoA could be reconstructed showing that even em-
bryonic adrenals are equipped with all the components 
required for the synthesis of all adrenal steroids. 

 Many of the CBE-encoding genes are characterized by ste-
rol regulatory elements, which are binding sites for SREBP1 
and SREBP2 ( 8 ). The transcripts ( Srebp1  and  -2 ) for both pro-
teins show expression patterns reminiscent of those of the 
 CBE  genes. Strong expression of  Srebp1  is seen in the ventricu-
lar zone of the forebrain, in the liver, and in the  Shh -positive 
midline of the midbrain (GenPaint set ID MH946).  Srebp2  
transcripts are also found in the ventricular zone and in the 
midbrain, but to a lesser extent in the liver. Furthermore, 
 Srebp2 , but not  Srebp1 , is strongly expressed in the peripheral 
nervous system. It appears that CBE regulators  Srebp1  and 
 Srebp2  are characterized by both coexpression in some tissues 
and complementary expression in others. 

 Human congenital disorders tied to cholesterol metabo-
lism and the corresponding mouse models have strong em-
bryonic phenotypes [for a review see ( 2 )]. At least to some 
extent, knowing all sites of expression of CBEs can rational-
ize developmental abnormalities and, hence, guide further 
research. Thus the digital compendium of  CBE  expression 
patterns in conjunction with expression data for genes up- 
and downstream of CBS provides a most useful resource for 
the interpretation of biological, genetic, and disease data.  
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