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v

 Advanced sequencing technologies can now allow us to obtain individual genomic 
sequences. These genomes contain an overwhelming amount of nucleotide varia-
tion per individual, with the majority of the variants being noncoding. However, our 
current ability to provide a functional interpretation to these noncoding variants is 
extremely lagging compared to protein coding sequences. This book provides semi-
nal examples of how these noncoding variants and epigenetic changes can be asso-
ciated with human disease by altering gene regulation. While the current number of 
examples is very limited, the methodologies and techniques described in this book 
can serve as a model for researchers to associate additional noncoding variants with 
human disease. In addition, future development of technologies that will enable to 
functionally characterize noncoding gene regulatory variants in a high-throughput 
manner will move this  fi eld forward and expand our knowledge of gene regulation. 
Combined, this will lead to a better understanding of the “gene regulatory code.” 
Other than allowing us to obtain a better diagnosis and understanding of the genetic 
causes of human disease, it will be of extreme importance to numerous other bio-
logical disciplines. Biologists have long been in need of de fi ned sequences that 
drive precise patterns of expression. Such sequences can be used to express recom-
binant proteins or to overexpress various proteins in precise locations. These 
sequences could also be used to target speci fi c molecules to certain tissues for gene 
therapy purposes. Gene regulatory elements are also important developmental regu-
lators, and the understanding of the factors that regulate these developmental genes 
can increase our knowledge of development. In evolution, regulatory sequences are 
thought to be a major contributor to the evolution of form. An increased understand-
ing of the “gene regulatory code” will vastly assist these and other disciplines. 

    Preface   
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  Abstract   While the annotation and functional characterization of the 2% of our 
genome that encodes for protein has been extremely successful, the remaining 98% 
still remains primarily uncharted territory. Within this territory reside gene regula-
tory sequences that instruct genes when, where, and at what levels to turn on or off. 
There is abundant evidence, as described in this book, that nucleotide and epige-
netic changes in these gene regulatory sequences can lead to human disease. In this 
chapter, we will de fi ne the different types of gene regulatory elements (promoters, 
enhancers, silencers, and insulators) and how to identify and functionally character-
ize them.  

  Keywords   Promoter  •  Enhancer  •  Silencer  •  Insulator  •  Locus control region  
•  Transcription factors  •  Nucleosome positioning  •  DNase I hypersensitive sites  
•  ChIP  •  3C  

         1.1   Introduction 

 The human genome consists of ~3.2 billion base pairs and encompasses around 
20,500 genes (Clamp et al.  2007  )  which make up only ~1.6% of its content. Repetitive 
sequences make up an additional ~50%, and the remaining 48% is composed of 
DNA sequences with primarily unknown function. One vital function that is clearly 
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embedded in these sequences is gene regulation, instructing genes when and where 
to turn on or off at speci fi c levels. There is a variety of clinical and molecular data, 
as described in this book, demonstrating that regulatory elements can harbor muta-
tional events that lead to human disease. However, the identi fi cation of distinctive 
nucleotide or epigenetic changes within these elements that lead to human disease 
has been extremely limited due in part to the vast genomic noncoding space in which 
to search for them, their scattered distribution, the unavailability of an established 
regulatory code, and the dif fi culties in linking these elements to speci fi c genes. 

 The identi fi cation and functional characterization of these gene regulatory 
elements is not only important for their association with human disease but also for 
several other biological disciplines. Biologists have long been in need of de fi ned 
sequences that drive precise patterns of expression. Such sequences can be used to 
express recombinant proteins (e.g.,  Cre  to generate tissue-speci fi c knockouts) or to 
overexpress various proteins in precise locations. These sequences could also be 
used to target speci fi c DNA sequences to certain tissues for gene therapy purposes. 
Gene regulatory elements are also important developmental regulators, and the 
understanding of the factors that regulate these developmental genes can increase 
our knowledge of development. In evolution, regulatory sequences are thought to 
be a major contributor to the evolution of form (Carroll  2005  ) . More and more 
examples are now being reported in various organisms, including humans (Prabhakar 
et al.  2008 ; McLean et al.  2011  ) , that highlight the effect these sequences can have 
on morphological differences between species. An increased understanding of these 
gene regulatory elements will vastly assist these disciplines.  

    1.2   The Different Kinds of Gene Regulatory Elements 

 There are several different types of gene regulatory elements. In this section, we 
will de fi ne the most commonly characterized elements: promoters, enhancers, 
silencers, and insulators. The general dogma is that these regulatory elements get 
activated by the binding of  transcription factors , proteins that bind to speci fi c DNA 
sequences, and control mRNA transcription. There could be several transcription 
factors that need to bind to one regulatory element in order to activate it. In addition, 
several other proteins, called  transcription cofactors , bind to the transcription 
factors themselves to control transcription. 

 The binding of these sequences changes the  nucleosome positioning  in that region. 
The  nucleosome  consists of 147 bp of DNA wrapped around a histone core. The 
binding of transcription-related proteins repositions the nucleosome and changes it 
into a more open state. As later described for DNase hypersensitive sites (Sect.  1.3.1 ), 
this change in nucleosome state can be used for the discovery of active gene regula-
tory elements. The nucleosome core consists of histone proteins which can have 
various posttranslational modi fi cations. These modi fi cations affect the state of this 
genomic region and can also be used to detect various gene regulatory elements as 
described in detail in the chromatin immunoprecipitation section (Sect.  1.3.3 ). 
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    1.2.1   Promoters 

 The best characterized gene regulatory element is the promoter, in part due to its 
established location relative to the gene that it regulates. The  promoter  resides at the 
beginning of the gene and serves as the site where the transcription machinery 
assembles and transcription of the gene begins (Fig.  1.1 ). The  core promoter  is 
de fi ned as the minimal stretch of DNA sequence that is suf fi cient to allow the RNA 
polymerase II machinery to initiate transcription (Butler and Kadonaga  2002 ; Smale 
and Kadonaga  2003  ) . It is typically 35–40 base pairs (bp) long and encompasses 
several sequence motifs, such as the following: TATA box, TFIIB recognition ele-
ment (BRE), initiator element (Inr), and the downstream core promoter element 
(DPE). It is important to note that not all of these elements need to be present in 
order to de fi ne a core promoter.  

 The  TATA box  was the  fi rst core promoter element to be discovered. Its consen-
sus sequence is TATAAA, but this can be modi fi ed in many cases as long as the 
sequence remains A/T rich. In humans, it is thought to be bound predominantly by 
the TATA-binding protein (TBP) which is part of the transcription factor IID (TFIID) 
multiprotein complex that contributes to transcription initiation (Smale and 
Kadonaga  2003  ) . 32% of all human promoters (Suzuki et al.  2001  )  are thought to 
contain a TATA box. The  TFIIB recognition element (BRE)  is a binding site for the 
transcription factor IIB (TFIIB) and is thought to facilitate the incorporation of this 
transcription factor to the transcription initiation complex (Lagrange et al.  1998  ) . 
It has a consensus sequence of G/C-G/C-G/A-C-G-C-C and is usually located 
immediately upstream to the TATA box. The  initiator element (Inr)  is usually −3 to 
+5 bp from the transcription start site (TSS) with a typical consensus sequence of 
C/T-C/T-A-N-T/A-C/T-C/T. It is thought to be recognized by and interact with 
TFIID and RNA Polymerase II at different steps during the transcription process. 
The  downstream core promoter element (DPE)  is a binding site for TFIID that is 
usually found in promoters lacking a TATA box. It is located 28–32 bp upstream of 
the Inr, and the distance between both of these elements was shown to be important 
for proper TFIID binding and transcription (Burke and Kadonaga  1997 ; Kutach and 
Kadonaga  2000  ) . Its consensus sequence is A/G-G-A/T-C/T-G/A/C. 

  Fig. 1.1     Schematic representation of the various gene regulatory elements described in this chap-
ter.  Two different promoters are located next to the two different genes. By binding to  promoter A , 
an enhancer actively regulates  Gene A  and leads to its transcription, as indicated by the  black arrow  
above  Gene A . An insulator prevents this enhancer from activating  Gene B , which is not tran-
scribed due to regulation by a silencer element       
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  CpG islands  are de fi ned as sequences that are at least 200 long with a G/C per-
centage that is greater than 50% (Gardiner-Garden and Frommer  1987  ) . The human 
genome is estimated to have ~29,000 of these islands (Smale and Kadonaga  2003  ) , 
half of which are near gene promoters (Suzuki et al.  2001  ) . Promoters with CpG 
islands usually lack a TATA box and a DPE and have multiple binding sites for the 
transcription factor SP1 that is thought to direct the transcription machinery. CpG 
islands are usually unmethylated if the gene they regulate is expressed. 

 The  proximal promoter  is the region that is in the immediate vicinity (−250 to 
+250 bp) of the TSS of the gene. It can contain several transcription factor binding 
sites (TFBS) and is thought to serve as a tethering element for distant enhancers, 
enabling them to interact with the core promoter (Calhoun et al.  2002  ) . Several 
additional promoter elements have been discovered. Since this book primarily deals 
with more distant regulatory elements, see Smale and Kadonaga  (  2003  )  and 
Riethoven  (  2010  )  for a more detailed review of various promoter elements.  

    1.2.2   Enhancers 

  Enhancers  turn on the promoters at speci fi c locations, times, and levels and can be 
simply de fi ned as the “promoters of the promoter” (Fig.  1.1 ). They can be tissue 
speci fi c or regulate gene expression in multiple tissues. They often have modular 
expression patterns, and a gene that is active in many tissues is likely in fl uenced by 
multiple enhancers (Pennacchio et al.  2006 ; Visel et al.  2009a ). They can also regu-
late gene activity at various time points. They can regulate in  cis , meaning that they 
regulate a gene on the same chromosomal region as they are located, or in  tran s, 
regulating a gene that is located on a different chromosome as was shown for the H 
olfactory receptor enhancer (Lomvardas et al.  2006  ) .  Cis  enhancers can be 5 ¢  or 3 ¢  
to the regulated gene, in introns or even within the coding exon of the gene they 
regulate (Neznanov et al.  1997 ; Tumpel et al.  2008  ) . These enhancers can be near 
the promoter or very far away, with some like the Sonic hedgehog ( SHH ) limb 
enhancer being as far as ~1,000,000 bp away from the gene it regulates (Lettice 
et al.  2003  ) . Enhancer function is generally considered to be independent of loca-
tion or orientation relative to the gene they regulate. 

 A given enhancer can have an additional enhancer or enhancers with overlapping 
activity, called a  shadow enhancer/s  (Hong et al.  2008  ) . The enhancer closest to the 
gene is usually considered to be the primary enhancer while other, more distant, 
enhancer or enhancers with similar activity are the shadow enhancer/s. Shadow 
enhancers are thought to protect the essential activities of the primary enhancer in 
adverse genetic conditions or environmental pressure (Hobert  2010  ) . In addition, 
they can also have their own unique regulatory activities. The existence of shadow 
enhancers might also explain why in certain cases the removal of potentially impor-
tant enhancers in the mouse genome can lead to no apparent phenotype (Ahituv 
et al.  2007 ; Cretekos et al.  2008  ) . 
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 Enhancers are thought to function through the recruitment of transcription 
factors and subsequent physical interactions with the gene promoter. This physical 
interaction is thought to be carried out through DNA looping. The DNA looping is 
mediated by transcription cofactors which activate  cohesin , a protein that links DNA 
sequences to one another (Wood et al.  2010 ; Dorsett  2011  ) . Cohesin, along with 
Nipped-B homolog (NIPBL), its DNA loading factor, allows the binding of the 
enhancer to the promoter. In humans, mutations in  NIPBL  as described in Chap. 11 
of this book, entitled “Cohesin and Human Diseases,” can lead to a range of gene 
regulatory defects that cause Cornelia de Lange syndrome (MIM #122470). 
Following enhancer-promoter binding, it is then thought that a conformational 
change takes place in Mediator, a multiprotein complex consisting of over 30 
proteins that subsequently activates transcription (Kagey et al.  2010 ; Malik and 
Roeder  2010  ) . In addition to looping, other mechanisms such as enhancer transcrip-
tion and chromatin modi fi cations over large regions that encompass both enhancer 
and promoter have also been suggested for enhancer function (Bulger and Groudine 
 2011 ; Ong and Corces  2011  ) .  

    1.2.3   Silencers 

 Opposite to enhancers,  silencers  are thought to turn off gene expression at speci fi c 
time points and locations (Fig.  1.1 ). Not much is known about silencers in 
humans, primarily due to the lack of a good functional assay to characterize them. 
Similar to enhancers, they are also thought to be orientation independent and can 
be located almost anywhere with regard to the genes that they regulate. 
Transcription factors bind to the silencer sequences and along with transcription 
cofactors they act to repress the expression of the gene. These “negative” tran-
scription factors are thus called  repressors , and their cofactors are termed  core-
pressors  (Privalsky  2004  ) . 

 Several different mechanisms have been proposed for silencer function. Recent 
work suggests that, similar to enhancers, they can interact with the promoter through 
DNA looping (Lanzuolo et al.  2007 ; Tiwari et al.  2008  ) . Repressor and corepressor 
proteins can silence a gene by competing for the binding to a speci fi c promoter 
(Li et al.  2004 ; Harris et al.  2005  ) . They can also in fl uence the local chromatin 
region by establishing repressive chromatin marks (Srinivasan and Atchison  2004  ) .  

    1.2.4   Insulators 

  Insulators , also called boundary elements, are DNA sequences that create  cis -
regulatory boundaries that prevent the regulatory elements of one gene from 
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affecting neighboring genes (Fig.  1.1 ). Based on their function, they can be gener-
ally divided into two types: (1)  enhancer-blocking insulators  that obstruct enhanc-
ers by inhibiting their interaction with promoters and (2)  barrier insulators  that 
prevent the spread of heterochromatin. 

 Enhancer-blocking insulators have three different proposed models of func-
tion: (a)  promoter decoy , where the insulator recruits the transcription machinery 
away from the promoter by having it bind to the insulator instead (Geyer  1997  ) ; 
(b)  physical barrier , where the insulator sequence acts as a physical barrier that 
blocks the enhancer signal from reaching the promoter (Kong et al.  1997 ; Ling 
et al.  2004 ; Zhao and Dean  2004  ) ; and (c)  loop domain , where the insulator 
sequences form loops with each other or other DNA sequences that interfere with 
enhancer function (Blanton et al.  2003 ; Byrd and Corces  2003 ; Ameres et al. 
 2005  ) . In addition to binding to each other or other DNA sequences, it is thought 
that insulators could also form insulation loops by tethering the chromatin to various 
nuclear structures, such as the nucleolus (Yusufzai et al.  2004  )  and the nuclear 
lamina (Guelen et al.  2008  ) . For a more detailed review of enhancer-blocking 
insulators, see Bushey et al.  (  2008  ) . 

 Barrier insulators insulate genomic regions against silencing by  heterochroma-
tin , a chromatin state caused by tightly packing the DNA into a repressed/silenced 
form. Heterochromatin is marked by high levels of methylation in H3K9 and H3K27 
histone residues (see Sect.  1.3.3  for more details) and CpG methylation along with 
a general lack of acetylation (a mark for active regions). Barrier insulators are 
thought to disrupt the spread of heterochromatin in the region they reside. They 
generally do this by modifying the substrates used to generate heterochromatin. 
This is done by recruiting histone acetyltransferases (HATs) or ATP-dependent 
nucleosome-remodeling complexes (Oki et al.  2004  )  or by removing nucleosomes 
(Bi et al.  2004  ) . For a more detailed review of barrier insulators, see Gaszner and 
Felsenfeld  (  2006  ) . 

 Probably the most widely studied insulator-associated protein is the  CCCTC-
binding factor  (CTCF), which got its name due to its ability to recognize three 
regularly spaced repeats of CCCTC. CTCF is a ubiquitously expressed protein 
that has 11 zinc  fi ngers and uses different combinations of them to identify and 
bind different DNA sequences. Binding of CTCF to DNA can protect that region 
from methylation, hence its ability to insulate (Filippova  2008  ) . CTCF-binding 
sites, which serve as potential insulator regions, have been mapped throughout the 
human genome in several cell lines (Barski et al.  2007 ; Kim et al.  2007 ; Heintzman 
et al.  2009 ; Ernst et al.  2011  )  using chromatin immunoprecipitation (ChIP; tech-
nique described in detail in Sect.  1.3.3 ). Analysis of the location of these sites in 
various cell lines found that they remain largely unchanged, suggesting that insula-
tor activity remains more or less constant in these different cell lines (Heintzman 
et al.  2009  ) . CTCF-binding sites were also shown to overlap with cohesin-binding 
sites, suggesting that these two proteins interact together to achieve insulator func-
tion. In addition, CTCF depletion was shown to affect the genomic distribution of 
cohesin, but not the opposite, suggesting that cohesin localization is governed by 
CTCF (Parelho et al.  2008 ; Wendt et al.  2008  ) .  
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    1.2.5   Locus Control Region 

 A  locus control region  (LCR) is a region where various gene regulatory elements are 
clustered together to regulate a certain gene or several genes. One example is the 
well-characterized beta-globin LCR, described in Chap. 2 of this book entitled “The 
Hemoglobin Regulatory Regions.” This region is composed of various regulatory 
elements that together regulate the expression of different globin genes during human 
development, a process known as hemoglobin switching (Sankaran et al.  2010  ) .   

    1.3   Techniques to Identify Gene Regulatory Elements 

 Several techniques have been developed in order to identify gene regulatory ele-
ments. Building on advancements in molecular biology, primarily DNA sequenc-
ing technologies, these techniques are continuously being re fi ned and made 
cost-ef fi cient. These advancements are currently allowing the  fi eld to move from a 
“one-by-one” or “region-by-region” approach to a whole-genomic one. 

    1.3.1   DNase I Hypersensitive Sites 

 DNase I is an endonuclease that cleaves both single- and double-stranded DNA. 
Active or “open” chromatin regions are associated with nucleosome-free regions and 
hence known to be more attainable to DNase I. These regions were thus termed 
 DNase I hypersensitive sites  (DHSs). In the 1970s, it was already recognized that 
chromatin regions that contain active genes are twice as sensitive to DNase I diges-
tion as regions where genes are inactive (Weintraub and Groudine  1976  ) . In addition 
to active genes, DHSs can identify all types of active regulatory elements such as 
promoters, enhancers, silencers, and insulators. DHSs do not reveal the regulatory 
function of the sequence or the identity of the transcription factors that could be bind-
ing to it, but they can show whether a certain region in a speci fi c cell type or tissue is 
active. With advancements in molecular biology, DHSs can now be discovered on a 
genomic scale using techniques such as DNase-chip (Crawford et al.  2006  )  which 
uses microarrays to hybridize captured DNase I hypersensitive sequences and 
DNase-Seq (Song and Crawford  2010  )  that uses massively parallel sequencing.  

    1.3.2   Comparative Genomics 

 The increasing availability of genomic data from multiple vertebrate genomes facil-
itated the ability to carry out comparative genomic studies on the human genome. 
These genomic comparisons allowed for the identi fi cation of noncoding regions in 
the human genome that have been conserved throughout evolution, suggesting that 
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this conservation is due to an important function (Boffelli et al.  2004 ; Dermitzakis 
et al.  2005  ) . One such function could be gene regulation. The use of comparative 
genomic tools has been extremely successful in identifying regulatory elements in 
the human genome (Thomas et al.  2003 ; Woolfe et al.  2005 ; Pennacchio et al.  2006 ; 
Birney et al.  2007 ; Visel et al.  2008  ) . These comparisons generally look at sequence 
conservation between two evolutionary distant species or between multiple closely 
related species. In general, genomic comparisons between species that are more 
distantly related through evolution yield fewer conserved sequences, but the 
sequences that are shared between them are more likely to be functional.  

    1.3.3   Chromatin Immunoprecipitation (ChIP) 

 ChIP is rapidly becoming the most effective and widely used tool to map putative 
regulatory sequences on a genomic scale. In ChIP, DNA-binding proteins are cross-
linked to the DNA, and an antibody that is speci fi c to a protein of interest is used to 
pull down the protein along with the DNA sequences that it is bound to. Following 
reversal of the cross-links, these DNA sequences can be identi fi ed either through 
quantitative PCR (ChIP-qPCR), by binding to a DNA microarray (ChIP-chip), or 
using massively parallel DNA sequencing technologies (ChIP-Seq) (Johnson et al. 
 2007 ; Visel et al.  2009b ). Among these techniques, ChIP-Seq is rapidly becoming the 
most commonly used tool to map putative regulatory sequences on a genomic scale. 
As described later for the various regulatory elements, carrying out ChIP-Seq for 
various chromatin marks is rapidly becoming the gold standard in the identi fi cation 
of potential gene regulatory elements. 

 The most commonly used chromatin marks are histone modi fi cations (listed in 
detail in Table  1.1 ). Each 147 bp of DNA is wrapped around eight histone proteins 
that are composed of the following protein pairs: H2A, H2B, H3, and H4, and sealed 
off by histone H1, making what is termed a nucleosome. These histones have pro-
truding tails that have various modi fi cations such as methylation, acetylation, phos-
phorylation, ubiquination, and sumoylation. These modi fi cations can determine the 
status of the chromatin. For example, open chromatin which is indicative of enhancer 
activity can be identi fi ed based on one methyl group on the fourth lysine of histone 
H3. This is abbreviated as H3K4me1. Closed chromatin which is indicative of 
silencing can be identi fi ed by three methyl groups on the lysine in position 27 of H3 
and is abbreviated as H3K27me3. Antibodies developed against these modi fi cations 
can allow researchers to carry out ChIP and determine the chromatin state and regu-
latory potential (active, silenced, etc.) of speci fi c sequences.   

    1.3.4   Chromatin Conformation Capture (3C) 

 In order to properly understand gene regulation, we must view it in three-dimensional 
space. As mentioned above, chromatin loops have been shown to be one of the 
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   Table 1.1    Gene regulatory marks used for ChIP   
 Element  State  Mark  Selected references 

 Promoter  Active  H2A.Z histone variant  Barski et al.  (  2007  )  
 H2BK5me1  Barski et al.  (  2007  )  
 H3K4me2  Bernstein et al.  (  2005  ) , Barski et al. 

 (  2007  ) , Birney et al.  (  2007  ) , 
Heintzman et al.  (  2007  ) , Ernst 
et al.  (  2011  )  

 H3K4me3  Bernstein et al.  (  2005  ) , Barski et al. 
 (  2007  ) , Guenther et al.  (  2007  ) , 
Mikkelsen et al.  (  2007  ) , 
Heintzman et al.  (  2009  ) , Ernst 
et al.  (  2011  )  

 H3K9me1  Barski et al.  (  2007  )  
 H3K9ac  Bernstein et al.  (  2005  ) , Guenther et al. 

 (  2007  ) , Ernst et al.  (  2011  )  
 H3K14ac  Guenther et al.  (  2007  )  
 H3K27me1  Barski et al.  (  2007  )  
 H4K20me1  Barski et al.  (  2007  )  

 Repressed  H3K27me3  Barski et al.  (  2007  )  
 H3K79me3  Barski et al.  (  2007  )  

 Enhancer  p300 (EP300)  Heintzman et al.  (  2009  )  
 CBP  Kim et al.  (  2010  )  
 H2A.Z  Barski et al.  (  2007  ) , Ernst et al.  (  2011  )  
 H3K4me1  Birney et al.  (  2007  ) , Heintzman et al. 

 (  2007  ) , Heintzman et al.  (  2009  )  
 H3K4me2  Bernstein et al.  (  2005  ) , Barski et al. 

 (  2007  ) , Birney et al.  (  2007  ) , 
Heintzman et al.  (  2007  ) , Ernst 
et al.  (  2011  )  

 H3K27ac  Heintzman et al.  (  2009  ) , Creyghton 
et al.  (  2010  ) , Ernst et al.  (  2011  ) , 
Rada-Iglesias et al.  (  2011  )  

 Silenced regions  DNA methylation  Tiwari et al.  (  2008  )  
 H3K9me2  Barski et al.  (  2007  )  
 H3K9me3  Barski et al.  (  2007  ) , Ernst et al.  (  2011  )  
 H3K27me2  Barski et al.  (  2007  )  
 H3K27me3  Barski et al.  (  2007  ) , Mikkelsen et al. 

 (  2007  ) , Ernst et al.  (  2011  )  

 Insulator  CTCF  Barski et al.  (  2007  ) , Kim et al.  (  2007  ) , 
Heintzman et al.  (  2009  ) , Ernst 
et al.  (  2011  )  

major mechanisms by which the various regulatory elements (promoters, enhancers, 
silencers, and insulators) regulate. To unravel the physical interactions of the vari-
ous regulatory elements in the nucleus,  chromatin conformation capture  (3C) and 
several derivatives of this technique have been developed. They are primarily based 
on cross-linking DNA-binding proteins with DNA (similar to ChIP) so that both the 
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regulatory element and the other region of DNA with which it interacts are bound 
together, bridged by the proteins that facilitate this interaction. The DNA is then cut 
randomly with restriction enzymes and ligated in conditions where the segments of 
DNA bridged by the protein cross-linked bundle will preferentially ligate to one 
another rather than to random free DNA. These newly ligated DNA segments are 
then analyzed in order to identify which regions of DNA have been joined, implying 
that they physically interact. The subsequent analysis of these sequences is what 
determines whether this technique is known as 3C, 4C, or 5C. 3C uses real-time 
PCR with primers matching two speci fi c candidate regions in order to determine 
whether they interact with one another (Vassetzky et al.  2009  ) . 4C generates circu-
lar DNA molecules following ligation, and the PCR primers are used in order to 
determine the identity of the DNA sequences that interacts with a speci fi c sequence 
by having them faced outward on opposite ends of the restriction enzyme fragment 
(Vassetzky et al.  2009  ) . For example, this technique can be used to determine the 
identity of the DNA sequences/regulatory elements that bind to a speci fi c promoter 
by designing primers speci fi c to that promoter. 5C can detect numerous chromatin 
interactions at the same time by using several primers (van Berkum and Dekker 
 2009  ) . With the advent of massively parallel sequencing technologies, whole-
genome adaptations of this technique have been introduced such as Hi-C (Lieberman-
Aiden et al.  2009  )  and ChIA-PET (Fullwood et al.  2009  ) .   

    1.4   Techniques to Functionally Characterize 
Gene Regulatory Elements 

    1.4.1   Promoters 

 The standard promoter assay is straightforward. The candidate promoter sequence 
is placed in front of a reporter gene (Fig.  1.2a ), which is used as an indicator of 
where the promoter is active by inserting this construct into a cell culture or animal 
model. Various reporter genes are used for this assay, usually depending on the 
context of the assay. In cell culture, the most commonly used reporter gene is 
luciferase, in zebra fi sh  fl uorescent proteins such as GFP or mCherry, and in mice 
the frequently used reporter gene is LacZ. The DNA sequence that is typically 
assayed for promoter activity covers at least 250–500 bp upstream of the transcrip-
tion start site, so as to include the proximal promoter and other potential promoter-
associated sequences.   

    1.4.2   Enhancers 

 Enhancers can be functionally characterized by various methods: deletion series, 
enhancer traps, cell culture enhancer assays, and in vivo electroporation or transgenic 
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enhancer assays.  Deletion series  uses a long DNA construct, such as a yeast arti fi cial 
chromosome (YAC) or bacterial arti fi cial chromosome (BAC), that encompasses the 
genomic region harboring a potential enhancer or enhancers and some kind of 
reporter gene that is inserted into this DNA fragment. These are then injected into an 
organism in order to observe the reporter gene expression pattern. Once an expres-
sion pattern of interest is observed, the YAC or BAC can be modi fi ed such that certain 
sequences are deleted and these new constructs are reinjected to compare for changes 
in reporter gene expression due to this manipulation. An analogous approach is the 
use of overlapping YACs or BACs that also encompass a reporter gene. Each con-
struct is injected separately and observed for its respective reporter gene expression, 
allowing the ability to locate tissue-speci fi c enhancers based on their shared genomic 
region (Mortlock et al.  2003  ) . These overlapping constructs could also be deleted, as 
mentioned above, to further pinpoint the enhancer location. Combined, these assays 
are able to broadly identify the location of the enhancer/s, but usually fall short of 
determining its exact sequence. 

 The majority of enhancer assays are based on a common design: the assayed 
sequence is placed in front of a minimal promoter (a promoter that is not suf fi cient to 

  Fig. 1.2     DNA construct designs that are commonly used to functionally characterize gene regula-
tory elements.  ( a ) A DNA sequence assayed for promoter activity is placed in front of a reporter 
gene. ( b ) A DNA sequence assayed for enhancer activity is placed in front of a minimal promoter 
(a promoter that is not suf fi cient to drive expression without the presence of a functional enhancer) 
and a reporter gene. ( c ) A DNA sequence assayed for silencer activity is placed in front of a con-
stitutive promoter (a promoter that is always active) and a reporter gene or in front of a character-
ized enhancer and promoter followed by a reporter gene ( d ). ( e ) DNA sequences can be assayed 
for insulator activity by blocking the ability of a characterized enhancer to turn on a reporter gene 
via a characterized promoter. They can also be assayed for barrier insulator activity by placing 
them on both sides of a known enhancer and promoter that drive reporter gene expression and 
measuring the activity of this reporter gene for consistency and length of expression following 
stable integration ( f )       
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drive expression without the presence of a functional enhancer), followed by a 
reporter gene (Fig.  1.2b ), similar to reporters used for promoter assays. If the assayed 
sequence is an enhancer, it will turn on the minimal promoter which in turn will 
drive the reporter gene expression.  Enhancer traps  use the random genomic integra-
tion of a DNA sequence containing a minimal promoter and the reporter gene to 
uncover enhancers around the region of integration (Parinov et al.  2004 ; Korzh 
 2007  ) . Similar to the deletion series, the disadvantage of this method is that it does 
not pinpoint the exact location of the enhancer. 

 To assay speci fi c sequences for enhancer activity, candidate sequences are typi-
cally cloned into a vector containing a minimal promoter and a reporter gene as 
outlined above. This vector is then introduced into a model system via different 
methods.  Cell culture enhancer assays  usually use transfection, electroporation, or 
virus integration to insert constructs into cells and assay for enhancer activity using 
luciferase as the reporter gene. The advantage of cell culture-based enhancer assays 
is that they are relatively cheap, can be done in a high-throughput manner, and can 
be quantitative. However, they are carried out in cell lines which can lose a lot of 
their tissue characteristics; they do not provide “whole-organism” properties, and 
the results can be highly variable due to factors such as different DNA preparation 
methods, number of cell passages, cell culture conditions, and others. 

 In vivo enhancer assays provide the advantage of being able to test the assayed 
sequence in the context of the whole organism. Due to the length of time and techni-
cal aspects of observing adult reporter gene expression in vertebrates, the majority 
of in vivo-based enhancer assays are carried out at developmental time points. 
Zebra fi sh transgenic enhancer assays often use the Tol2 transposon for genomic 
integration along with a  fl uorescent reporter gene for visualization (Fisher et al. 
 2006  ) . In frogs, transgenic enhancer assays can be carried out by using standard 
sperm nuclear transplantation and can utilize transposons (Khokha and Loots  2005  ) . 
Chicken enhancer assays are usually based on electroporation of the assayed construct 
into the embryonic tissue of interest, followed by visualization using  fl uorescence 
or LacZ (Uchikawa  2008  ) . Mouse transgenic enhancer assays tend to use standard 
mouse transgenic techniques (Nagy et al.  2002  )  and LacZ as the reporter gene. 
These mouse assays are usually transient (embryos are removed at a certain time 
point for reporter gene detection), avoiding the costs associated with maintaining 
mouse lines (Pennacchio et al.  2006  ) . The main caveat for the majority of these 
assays is that they are not able to quantitatively measure enhancer activity because 
there can be multiple integrations of the enhancer construct per animal, leading to 
variation in the reporter intensity.  

    1.4.3   Silencers 

 Silencers can be detected by placing the sequence to be assayed in front of a consti-
tutive promoter (a promoter that is always active) and a reporter gene and compar-
ing the activity of that reporter gene with and without the assayed sequence 
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(Fig.  1.2c ; Petrykowska et al.  2008  ) . If the sequence is a silencer, lower reporter 
gene expression levels due to the assayed sequence silencing the constitutive pro-
moter would be observed. As previously described, silencers can also interfere with 
the binding of a nearby activating site. In order to detect these kinds of silencers, an 
enhancer blocker assay was developed where the assayed sequence is placed in front 
of a characterized enhancer, promoter, and a reporter gene (Fig.  1.2d ; Petrykowska 
et al.  2008  ) . If the sequence silences by enhancer blocking, there should be a reduc-
tion in reporter gene activity in this assay. Both these assays can work well in cell 
culture, using a luciferase reporter, because reporter expression can be quanti fi ed. 
However, these techniques are not straightforward for in vivo silencer assays. In 
both zebra fi sh and mouse transgenic assays mentioned above, there is a high degree 
of variability between embryos in the number of inserted transgenes. This variabil-
ity does not allow quantitative measurements of reporter gene expression differ-
ences and has hampered the development of in vivo silencer assays.  

    1.4.4   Insulators 

 As mentioned previously, insulators can be divided into two types: enhancer block-
ers that obstruct enhancers by inhibiting their interaction with promoters and barrier 
insulators that prevent the spread of heterochromatin. To assay for enhancer block-
ers, the sequence being analyzed is placed in between a characterized enhancer and 
promoter, which is followed by a reporter gene (Fig.  1.2e ). If the sequence is an 
enhancer blocker insulator, it should block the ability of the enhancer to activate the 
promoter and thus lead to reduced reporter gene expression versus a vector that does 
not contain this sequence. Barrier insulator assays consist of placing an enhancer, 
promoter, and a reporter gene in between two copies of the presumed barrier insu-
lator (Fig.  1.2f ) and having it stably integrate into the genome. The reporter gene 
expression is then monitored for consistency and length of expression. A sequence 
will be considered a barrier insulator if it provides for consistent reporter gene 
expression over a certain period of time (Recillas-Targa et al.  2002 ; Gaszner and 
Felsenfeld  2006  ) .   

    1.5   Summary 

 We are in the midst of revolutionary times, with novel DNA sequencing technolo-
gies increasing our ability to sequence DNA at enormous rates. Due to these tech-
nological advances, individual whole-genome sequences are readily available at an 
affordable price. This availability will have the most immediate impact on two 
major  fi elds: predicting human disease risk and pharmacogenomics. The pioneer-
ing work described in this book that led to the detection of various human disease-
causing regulatory mutations and the techniques described in this chapter will 
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provide us with a starting foundation to analyze gene regulatory mutations in 
whole-genome data sets. As these whole-genome data sets expand and high-
throughput functional gene regulatory assays develop, we will gain an increased 
understanding of how gene regulatory mutations lead to human phenotypes.      

  Abbreviations 

  BRE    TFIIB recognition element   
  Inr    Initiator element   
  DPE    Downstream core promoter element   
  TBP    TATA-binding protein   
  TFIID    Transcription factor IID           
  TFIIB    Transcription factor IIB   
          TSS    Transcription start site   
          TFBS    Transcription factor binding sites   
   SHH     Sonic hedgehog   
  NIPBL    Nipped-B homolog   
  CTCF    CCCTC-binding factor   
  LCR    Locus control region   
  DHSs    DNase I hypersensitive sites   
  ChIP    Chromatin immunoprecipitation   
  3C    Chromatin conformation capture   
  YAC    Yeast arti fi cial chromosome   
  BAC    Bacterial arti fi cial chromosome    
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  Abstract   All animals that use hemoglobin for oxygen transport synthesize different 
hemoglobin types during the various stages of development. In humans, two gene 
clusters direct the production of hemoglobin including the  a -locus which contains 
the embryonic  z  gene and two adult  a  genes on chromosome 16. A second cluster, 
the  b -globin locus located on chromosome 11, contains the  e ,  G  g ,  A  g ,  d , and  b  genes. 
The globin genes are arranged from 5 ¢  to 3 ¢  according to the order of their expres-
sion and are developmentally regulated to produce different hemoglobin species 
during ontogeny. Two switches in the type of hemoglobin synthesized during devel-
opment occur, a process known as hemoglobin switching. Through research efforts 
over the last two decades, several insights have been gained into the molecular 
mechanisms of hemoglobin switching. However, the entire process has not been 
fully elucidated. Studies of naturally occurring globin gene promoter mutations and 
transgenic mouse investigations have contributed to our understanding of the effect 
of DNA mutations on globin gene expression. Furthermore, the developmental 
regulation of globin gene expression has shaped research efforts to establish thera-
peutic modalities for individuals affected with sickle cell disease and  b -thalassemia. 
Here, we will review the progress made toward understanding molecular mechanisms 
that control globin gene expression and the consequences of mutations on hemoglobin 
switching.  
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         2.1   Introduction 

    2.1.1   Hemoglobin Proteins 

 Hemoglobin is a 64.4-kDa tetramer iron-containing oxygen-transport protein, 
composed of two pairs of  a -like and  b -like globin polypeptide chains. A heme 
group, ferroprotoporphyrin IX, is linked covalently at a speci fi c site to each chain. In 
humans, the  a -locus on chromosome 16 encodes the embryonic  z -globin and adult 
 a 1- and  a 2-globin genes (Fig.  2.1 ); the  b -locus on chromosome 11 encodes the 
functional  e -,  G  g -,  A  g -,  d -, and  b -globin genes, expressed sequentially from 5 ¢  to 3 ¢  in 
a tissue- and developmental-speci fi c manner during ontogeny (Stamatoyannopoulos 
and Grosveld  2001  ) . Expression of the  a -globin genes is controlled by the HS-40 
enhancer element located 40 Kb upstream of  z -globin and the  b -locus by the locus 
control region (LCR) positioned 6–20 kb upstream of  e -globin. Two major switches 
in the type of hemoglobin synthesized during development occur as a result 
of changes in globin gene expression in the  b -locus (Fig.  2.2 ; Wood et al.  1985  ) : 
(1) from  e - to  g -globin expression around 6 weeks of gestation and (2) from  g - to 
 b -globin expression before birth producing embryonic, fetal, and adult hemoglobin, 
respectively. The developmental changes in globin gene expression are collectively 
called hemoglobin switching.   

 The globin genes are relatively small genes comprising three coding exons and 
two introns. The exons code for 141 and 146 amino acids in the  a - and  b -like globin 
chains, respectively. To achieve switching, the  a  and  b  cluster are expressed in 
a coordinated fashion to produce different hemoglobin types during development. 
In primitive erythroblasts in the yolk sac, embryonic hemoglobin is produced dur-
ing the  fi rst 8–10 weeks after conception (Stamatoyannopoulos and Grosveld  2001  ) ; 

  Fig. 2.1      b -like and  a -like globin loci on chromosome 11 and 16.  Shown are the functional human 
hemoglobin genes located on chromosome 11 ( b -like globin gene locus) and chromosome 16 
( a -like globin gene locus). Both gene loci are expressed in a coordinated manner to produce the 
various types of hemoglobin synthesized during the different stages of development       
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it is composed of embryonic  z -globin and ∈-globin chains ( z  
2
 ∈ 

2
 ; Fig.  2.2 ). The  fi rst 

hemoglobin switching event occurs as  z - and ∈-globin expression is silenced and 
 a - and  g -globin synthesis begins, leading to the production of Hb F ( a  

2
  g  

2
 ). 

Simultaneous with the switch, the site of erythropoiesis transitions from the yolk 
sac to the fetal liver and spleen. The second switch in hemoglobin production occurs 
when  g -globin gene expression is silenced and increased synthesis of the adult forms 
of hemoglobin ( a  

2
  d  

2
  and  a  

2
  b  

2
 ) is observed in the bone marrow. 

 At birth, Hb F comprises 80–90% of the total hemoglobin synthesized, and it 
gradually decreases to ~1% by 10 months in normal infants (Maier-Redelsperger 
et al.  1994  ) . Hb F is a heterogeneous mixture of  g -globin polypeptide chains 
containing either glycine ( G  g ) or alanine ( A  g ) at residue 136. The oxygen af fi nity of 
Hb F is greater than Hb A, but the former functions well to maintain normal tissue 
oxygenation. At birth,  G  g -chains predominate; however, a switch to Hb F consisting 
predominantly of  A  g -chains arises during the  fi rst 10 months as well. Furthermore, 
as Hb F levels decline, it becomes restricted to a subset of erythrocytes termed 
F-cells and is distributed in a heterocellular pattern. Family studies show that F-cell 
numbers are genetically controlled; however, the genes involved in this process are 
poorly understood (Wood  1993  ) .  

  Fig. 2.2     The developmental switch in globin gene expression.  Embryonic globins are produced in 
the  fi rst few weeks of in utero development. The  fi rst switch in the type of hemoglobin produced 
occurs at 6 weeks, where  e -globin is silenced and fetal hemoglobin synthesis increases ( g -globin), 
and predominates for the remainder of gestation. At birth, a second switch occurs from fetal to 
adult hemoglobin A ( b -globin) and low-level hemoglobin A 

2
  ( d -globin) production is constant for 

the remainder of life (Reproduced with modi fi cations by permission from Stamatoyannopoulos 
and Grosveld    2001   )       
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    2.1.2   Developmental Regulation of Globin Gene Expression 

 The  b -locus is developmentally regulated by a region 5–25 kb upstream of  e -globin 
known as the locus control region (LCR). The LCR consists of  fi ve developmentally 
stable DNase I hypersensitive sites (HSs) of which HS1 to HS4 are erythroid speci fi c 
(Kollias et al.  1986 ; Grosveld et al.  1987 ; Forrester et al.  1987  ) . Two other sites, 
HS6 and HS7, located 6 and 12 kb, respectively, upstream of HS5 have also been 
described (Bulger et al.  1999  ) , but it is unclear whether they constitute components 
of the  b -globin LCR. In addition, an erythroid-speci fi c HS localized 40 kb upstream 
of  z -globin required for  a -like globin gene expression was identi fi ed (Higgs et al. 
 1990  ) . 

 Hemoglobin switching is thought to be mediated by the LCR through the com-
petition of various developmental stage-speci fi c transcription factors that mediate 
interaction with the individual globin gene promoters (Enver et al.  1990 ;    Townes 
and Behringer  1990 ; Strouboulis et al.  1992  ) . The tissue- and developmental-speci fi c 
expression pattern of the individual globin genes is achieved through the action of 
transcription factors on regulatory sequences in the immediate  fl anking region of 
individual genes and more distal sequences that regulate the entire locus such as the 
LCR. The most widely accepted model of LCR function is based on looping of 
intervening sequence between globin gene promoters and the LCR to form active 
transcription complexes (Fraser and Grosveld  1998  ) . 

 Each LCR HS contains a 200–500-bp core region of DNase I hypersensitivity; 
however, only HS2 acts as a classical enhancer element (Tuan et al.  1989 ; Ney 
et al.  1990  ) . In addition to other ubiquitous DNA-binding proteins, each HS has 
one or more binding motif for two hematopoietic-restricted proteins: GATA-
binding protein 1 (GATA1) and nuclear factor erythroid-2 (NFE2) (Martin and 
Orkin  1990 ; Ney et al.  1990 ; Goodwin et al.  2001  ) . GATA1 consensus binding 
sites are present both in globin regulatory elements that activate or silence gene 
expression. Friend of GATA (FOG; ZFPM1) is co-expressed and interacts with 
GATA1 to promote erythroid and megakaryocytic differentiation (Tsang et al. 
 1997  ) . The combination of GATA1 sites and a GGTGG motif occurs a number of 
times in the  b -locus and appears to be associated with erythroid speci fi city. Of the 
HSs in the LCR, HS3 is believed to be involved in  g -globin activation during fetal-
stage development (Ellis et al.  1996  ) . HS3 is bound by erythroid Kruppel-like 
factor (EKLF; KLF1), an erythroid-speci fi c member of the Sp1 family of Kruppel-
like zinc  fi nger proteins that binds the  b -globin promoter CACCC box to facilitate 
adult Hb A synthesis (Miller and Bieker  1993  ) . EKLF is an active factor at the 
CACCC element in vivo and is thought to induce changes in chromatin structure 
required to accomplish  b -globin activation (Miller and Bieker  1993  ) . It is postu-
lated that EKLF bound to HS3 may provide a competitive advantage for LCR- b -
globin promoter interactions over  g -globin to facilitate hemoglobin switching after 
birth (Jackson et al.  2003  ) .  
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    2.1.3    e -Globin Gene Regulation 

 The  e -globin gene is normally expressed in the embryonic yolk sac. Two  e  chains 
combined with two  z  chains constitute what is called the embryonic hemoglobin 
Gower I. Two  e  chains combined with two  a  chains form the embryonic hemoglo-
bin Gower II. Both of these embryonic hemoglobins are replaced by Hb F and Hb 
A hemoglobin later in development. Very little is known about the activation of 
 e -globin in the embryonic stage of development. More is known about the mecha-
nism whereby the  e -globin gene is silenced when de fi nitive stage erythropoiesis 
starts in the fetal liver. A silencer transcriptional control element has been reported 
between −182 and −467 bp 5 ¢  of the canonical  e -globin gene cap site (GenBank 
accession #NG_000007.3; GI:28380636). Deletion of this region produced contin-
ued  e -gene expression in adult life (Raich et al.  1992  ) . It was later shown that the 
GATA1 site at −208, YY1 site at −269, and the CACCC site at −379 (GenBank 
accession #NG_000007.3; GI:28380636) are presumably bound by Sp1 and play a 
major role in normal  e -globin silencing during development (Gong et al.  1991 ; Yu 
et al.  1991 ; Peters et al.  1993 ; Raich et al.  1995  ) .  

    2.1.4    g -Globin Gene Regulation 

 Extensive research has been conducted to understand  g -globin gene regulation 
because it provides a rational basis for molecular strategies to induce Hb F after birth 
which is of therapeutic value in the treatment of sickle cell disease and  b -thalassemia. 
Each  g -gene contains a canonical TATA box, a duplicated CAAT box, and a single 
CACCC box (Fig.  2.3a ; Stamatoyannopoulos and Grosveld  2001  ) . A large number 
of proteins have been identi fi ed and are capable of binding the 200-bp region rela-
tive to the cap site of the  g -globin promoters (Fig.  2.3a ). In theory, therapeutic 
 g -globin reactivation could be accomplished by inhibition of repressor proteins to 
prevent silencing or enforced expression of  trans -activators. Pace and associates 
investigated a proximal signal transducer and activator of transcription 3 (STAT3) 
binding site in the 5 ¢ -untranslated region of  g -globin (Ferry et al.  1997  )  as a poten-
tial silencer. They demonstrated  g -gene silencing by interleukin-6, a known activa-
tor of STAT3 signaling. In subsequent investigations, a repressor role for the 
dominant-negative STAT3 b  isoform was established through its binding at the puta-
tive binding site 5 ¢ TTCTGGAA-3 ¢  located between nucleotides +9 to +16 in the 
 g -globin 5 ¢ -untranslated region (Foley et al.  2002  ) .  

 Another important regulatory element is the stage selector element (SSE; 
Fig.  2.3a ) located between −53 and −34 of the  g -globin promoter (GenBank acces-
sion #NG_000007.3; GI:28380636). The SSE is a sequence that was found to have 
an in vitro role as a fetal stage-speci fi c site involved in the  g -to  b -globin gene 
switch at birth (Jane et al.  1993  ) . When bound by the stage selector protein (SSP), 
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a competitive advantage for  g -globin expression occurred in vitro. The SSP is a 
heterodimer composed of ubiquitous transcription factor CP2 (TFCP2) (Jane et al. 
 1995  )  and the erythroid-speci fi c  trans -activator NFE4, known to alter histone acety-
lation (Zhao et al.  2004  ) . The binding of SSP and SP1 to the SSE is mutually exclu-
sive; however, the level of methylation at the CpG dinucleotides at 55 and 50 
in fl uences their binding af fi nity (Jane et al.  1993  ) . When the  g -promoter is hypom-
ethylated in vitro, SSP binds to the SSE at the expense of Spl; by contrast, methyla-
tion of the CpG residues within the SSE enhances Spl binding to the exclusion of 
SSP ensuring the  g -gene is not reactivated. These studies mimic the normal changes 
in methylation status that occur in the CpG sites in the  g -promoter during develop-
ment to facilitate hemoglobin switching (Enver et al.  1988  ) . The importance of CpG 
methylation in gene silencing (Mavilio et al.  1983  )  has been shown in studies with 
hypomethylating agents such as 5-azacytidine and decitabine to reactivate  g -gene 
expression. However, mutations of the SSE in the presence of a competing  b -globin 
gene had no effect on  b -gene expression in transgenic mice (Ristaldi et al.  2001  ) , 
thus failing to establish a functional role for the SSE in vivo. Further upstream to the 

  Fig. 2.3     Transcription factor binding in the  g -globin and  b -globin promoter regions.  ( a ) Shown 
are the different DNA-binding proteins that have been demonstrated to bind to the minimal  g -globin 
promoter either as monomers, homodimers, or heterodimers. Also shown are ubiquitous- and 
hematopoietic-speci fi c transcription factors. NF-E4, nuclear factor erythroid 4; BKLF, basic 
Kruppel-like factor; OCT1, octamer 1; FKLF, fetal Kruppel-like factor; CDP, CCAAT displace-
ment protein; cEBP, CCAAT enhancer-binding protein; Stat3, signal transducer and activators of 
transcription 3. ( b ) The  b -globin gene promoter, showing the position of conserved boxes and the 
binding motifs for functionally important transcriptional activators. The G-rich sequence is the 
 b DRE. The CAAT box binds CP1, GATA-1, and NF-E6 or DSF (cEBP). The promoters are not 
drawn to scale       
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 g -globin promoter are the duplicated CCAAT boxes at −85 and −115 (Fig.  2.3a ) 
(Mantovani  1998,   1999  ) . These CCAAT boxes have been studied extensively since 
point mutations in this region lead to continued  g -globin expression in adults and a 
group of disorders known as hereditary persistence of fetal hemoglobin (HPFH).
These boxes were shown to be recognized by several transcription factors including 
NF-Y/CBF (Mantovani  1998  ) , C/EBP (Osada et al.  1996  ) , and CCAAT displace-
ment protein (CDP; Barberis et al.  1987 ; Superti-Furga et al.  1988 ; Neufeld et al. 
 1992 ; Au fi ero et al.  1994  ) . CP1 (CCAAT-binding factor) is a ubiquitous protein 
heterodimer that binds both CCAAT boxes as a positive regulator (Fucharoen et al. 
 1990  ) , although in vivo data does not exists to substantiate this role. By contrast, 
CP1 binding is inhibited by CDP which binds to the region surrounding the CCAAT 
box. Studies have shown derepression of gene expression when the CDP-/CP1-
binding site is deleted which suggests, in addition to blocking the interaction of 
CP1, that CDP may also repress transcription through a distinct  cis  element (Skalnik 
et al.  1991  ) . A novel C/T mutation in the distal CCAAT motif of  G  g -globin abolishes 
the binding of CP1, producing HPFH (Fucharoen et al.  1990  ) . C/EBPs are ubiqui-
tously expressed  trans -activators that bind to the CCAAT box in a competitive man-
ner with CDP as well. 

 CDP is a divergent homeodomain protein that is highly conserved through evo-
lution and has properties of a potent transcriptional repressor. CDP is associated 
with histone deacetylase activity and a corepressor complex through interactions 
with histone deacetylases (Li et al.  1999  ) , such as CREB-binding protein (CREBBP) 
and p300-/CREB-binding protein-associated factor (PCAF) (Li et al.  2000  ) . CDP 
has also been reported to interact with a histone lysine methyltransferase, euchro-
matic histone-lysine N-methyltransferase 2 ( EHMT2 ;  G9a ), in vivo and in vitro. 
The transcriptional repressor function of CDP is mediated through the activity of 
G9a. This is caused by increased methylation of histone H3 Lys-9 in the CDP 
regulatory region of the p21  waf1/cdi1   promoter (Nishio and Walsh  2004  ) . These 
results indicate that G9a functions as a transcriptional corepressor within a CDP 
complex. 

 Other proteins such as Kruppel-like factor 4 (KLF4) have also been demonstrated 
to play a role in  g -globin gene regulation by several groups. In zebra fi sh,  KLF4  was 
shown to be essential for primitive erythropoiesis (Gardiner et al.  2005,   2007  ) . 
Further evidence of the functional signi fi cance of this factor in erythropoiesis came 
from a very recent study where KLF4 positively regulated human  b -globin gene 
expression (Marini et al.  2010  ) . KLFs have also been implicated in  g -globin regula-
tion (Asano et al.  1999,   2000 ; Zhang et al.  2005  ) , although the precise mechanism 
of a KLF-CACCC-mediated regulation remains to be elucidated. Recently, Kalra 
et al.  (  2011  )  published data that support direct binding of KLF4 to the  g -gobin 
CACCC box and a model of antagonistic interaction between KLF4- and CREB-
binding protein in  g -globin gene regulation. 

 Other groups have carried out studies to de fi ne repressors of  g -globin expres-
sion. Engels and associates identi fi ed the direct repeat erythroid-de fi nitive (DRED) 
repressor complex that binds the DR1 motif located near the distal CAAT box 
(Fig.  2.3a ; Tanabe et al.  2002  ) . The complex is composed of TR2 and TR4, two 
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nuclear orphan receptors believed to bind DNA and recruit other repressors to 
achieve  g -gene silencing; an in vivo role for DRED has yet to be established. Other 
studies showed that a deletion of the upstream CACCC box inhibited  g -gene expres-
sion in de fi nitive erythroid cells (Stamatoyannopoulos et al.  1993  ) ; Sp1 and basic 
Kruppel-like factor (KLF3) bind the CACCC box (Crossley et al.  1996  ) ; however, 
the latter does not affect  g -gene expression. Fetal Kruppel-like factor (FKLF) and 
FKLF-2 were also shown to bind the CACCC region (Fig.  2.3a ), but their role in 
 g -gene expression in vivo has yet to be determined (Asano et al.  1999,   2000  ) . 
Recently, B-cell CLL/lymphoma 11A (BCL11A) was reported as a major factor 
involved in switching through its ability to repress  g -globin expression (Sankaran 
et al.  2008,   2009  ) . Chen and associates provided evidence that BCL11A binds the 
GGCCGG motif between nucleotide −56 and −51 on the  g -globin promoter (Chen 
et al.  2009  ) . Subsequently, EKLF was shown to activate BCL11A gene expres-
sion resulting in upregulation of  b -globin and repression of the  g -globin genes, 
thereby contributing to the process of hemoglobin switching (Borg et al.  2010 ; 
Zhou et al.  2010  ) . Additional research will be required to ferret out the role of 
various  cis -regulatory elements in developmentally regulated  g -gene expression. 
This research can lead to improved strategies for Hb F induction to treat the 
 b -hemoglobinopathies.  

    2.1.5    b  -Globin Gene Regulation 

 Several evolutionary conserved transcriptional regulatory elements within the prox-
imal region of the  b -globin promoter (Fig.  2.3b ; GenBank accession #NG_000007.3; 
GI:28380636) have been identi fi ed including an initiator sequence TATA box at 
−30, a G-rich sequence at −50, CAAT box at −75, two CACC boxes at −90 to −110, 
and a directly repeated motif, the  b DRE (Antoniou et al.  1995 ; Lewis and Orkin 
 1995 ; Stuve and Myers  1990  ) . Of these regulatory sequences, only the  b DRE 
sequence is found exclusively in the promoters of the adult genes. The CAAT box 
is important for promoter function in erythroid cells involving the binding of vari-
ous transcription factors including CP1 (TFCP1), GATA1, and NFE4 (Antoniou 
and Grosveld  1990 ; deBoer et al.  1988  ) . The CACCC box has been shown to bind 
several in vitro factors (Rodriguez et al.  2005 ; Vakoc et al.  2005  ) ; however, in vivo, 
EKLF was shown to be the transcription factor which binds to regulate  b -globin 
expression (Miller and Bieker  1993  ) . 

 Further upstream, the promoter contains additional binding sites for GATA1 
(−120 and −200) and CP1 (−160). These sites are important for inducible  b -globin 
promoter activity in erythroleukemia cells (Antoniou and Grosveld  1990 ; deBoer 
et al.  1988  ) . In contrast, the gene remains inducible when the  b -locus LCR is cou-
pled directly to a minimal promoter (a promoter that is not suf fi cient to drive reporter 
expression without the presence of a functional enhancer) (Antoniou and Grosveld 
 1990 ; Levings and Bungert  2002  ) ; therefore, the role of these sequences in the con-
text of the entire locus is not well established. 
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 The  b -globin gene also contains two enhancer elements. The  fi rst is located at the 
second intron and third exon border and the second several hundred bases down-
stream from the poly(A) site (Antoniou et al.  1988 ; deBoer et al.  1988 ; Behringer 
et al.  1987  ) . Despite many studies, the role of the intron/exon enhancer element 
remains obscure. The second enhancer functions as a GATA1-binding site and stim-
ulates the function of a linked promoter as shown by transfection experiments 
(Antoniou et al.  1988 ). Moreover, it functions as an adult stage-speci fi c activator in 
transgenic mice experiments when the transgene is not linked to the LCR (Behringer 
et al.  1987 ; Kollias et al.  1986,   1987 ; Trudel and Constantini  1987 ; Magram et al. 
 1989  ) . In addition, deletion of this 3 ¢   b -globin enhancer in a yeast arti fi cial chromo-
some (YAC) containing the entire  b -globin locus produced a signi fi cant loss of 
 b -globin expression in transgenic mice fetal liver and adult spleen (Liu et al.  1997  ) , 
demonstrating that this element is required for  b -gene expression during adult 
development.   

    2.2   Hemoglobin Variants and Human Diseases 

 The hemoglobinopathies are the most common single-gene disorders in the world 
(Flint et al.  1998  ) . Over 1,500 structural hemoglobin variants exist (Hardison et al. 
 2002  ) , the majority of which are clinically benign (Table  2.1 ). The globin gene 
server is a comprehensive public database where these mutations are cataloged 
(  http://globin.cse.psu.edu/    ). Human hemoglobin variants are considered  fi rst in 
terms of the underlying mutations in globin gene structure and then in terms of their 
phenotypic expression. The clinical effect of mutations in the globin genes are 
discussed below.  

   Table 2.1    Hemoglobin structural variants (Adapted from the 
Globin Gene Server   http://globin.cse.psu.edu/    )   
   Number 

 I. Structural variant by globin gene 
  A.  b -Like globin cluster  

  G  g -Globin  65 
  A  g -Globin  55 
  d -Globin  95 
  b -Globin  791 

  B.  a -Like globin cluster  
  a  

1
 -Globin  313 

  a  
2
 -Globin  373 

 II Structural variant by types 
 Single nucleotide polymorphisms  1,227 
 Insertions  62 
 Deletions  180 
 Fusions  9 

http://globin.cse.psu.edu/
http://globin.cse.psu.edu/
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    2.2.1    g  -Globin Gene Mutations 

 Experimental strategies to reactivate  g -gene expression can be developed from what 
is known about naturally occurring mutations that produce HPFH. Single nucle-
otide polymorphisms (SNPs) that occur in the  g -globin gene promoters (nondele-
tion HPFH) or large deletions in the  b -locus (deletional HPFH) lead to a group of 
clinically heterogeneous disorders (Stamatoyannopoulos and Grosveld  2001  ) . 
Many SNPs in the  G  g  or  A  g -globin gene promoter that produce HPFH have been 
identi fi ed. Experimental data support mechanisms for continued Hb F synthesis 
based on mutations in DNA–protein binding sites where either a new motif is cre-
ated, which allows  trans -activator binding, or a repressor protein-binding motif is 
destroyed. For example, a G/A mutation at −117 in the distal CAAT box, that is 
bound by GATA1 and the nuclear receptor subfamily 2, group F, member 2 (NR2F2; 
NF-E3) to silence  g -gene expression, leads to HPFH production (Gumucio et al. 
 1988 ; Mantovani et al.  1988  ) . When CCAAT displacement protein binds the CAAT 
boxes to competitively displace CP1, it is believed to act as a transcriptional repres-
sor (Au fi ero et al.  1994  ) . The −158  G  g -globin C/T SNP interferes with this process 
leading to an HPFH phenotype as well (Sampietro et al.  1992  ) , although the 
speci fi c transcription factor(s) that binds this region has not been identi fi ed. 
Another SNP in the  g -globin promoter that produce HPFH includes the −175 (T/C) 
substitution associated with altered GATA1 and Octamer 1 binding (Stoming et al. 
 1989 ; Liu et al.  2005  ) , suggesting a repressor role for GATA1; however, a direct 
correlation between GATA1-binding and promoter activity has been dif fi cult to 
establish. 

 Further upstream, several mutations have been demonstrated in the −200 region 
that produce HPFH. This region is capable of forming a triplex structure, leaving the 
−206 to −217  g -promoter sequence single-stranded (Ulrich et al.  1992  ) . Triplex 
DNA is a secondary DNA structure which forms in an oligopyrimidine–oligpurine 
tract at acidic pH and negative DNA supercoiling (Ulrich et al.  1992  ) . Sequences of 
this type are often found at regulatory regions in eukaryotic genomes and have been 
proposed to participate in the regulation of physiological processes such as tran-
scription. Five different point mutations in the −200 region have been associated 
with HPFH; four of these mutations dramatically reduce the stability of the second-
ary DNA structure, suggesting that these mutations alter formation of the triplex by 
destabilizing critical Hoogsteen (triple-stranded) base pairs (Ulrich et al.  1992 ; 
Bacolla et al.  1995  ) . This region is also thought to serve as the binding site for a 
repressor complex; mutations might result in displacement of repressor proteins 
allowing  trans -activators to bind. Enhanced Sp1 and SSP binding to the −198 (T/C) 
and −202 (C/G) SNPs, respectively, might provide insights into the functional con-
sequences of mutations in this region (Ronchi et al.  1989 ; Jane et al.  1993  ) . 

 More recently, it was demonstrated that a repressor complex composed of 
GATA1, FOG1, and Mi2 is recruited to the  A  g -globin (−566) or  G  g -globin (−567) 
GATA1 sites when  g -globin expression was low but not when  g -globin is expressed 
at high levels. This suggests that  g -globin gene expression is silenced, in part, by 
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this complex (Harju-Baker et al.  2008  ) , making it another potential region of interest 
in  g -globin regulation. Combined, these studies provide insights into strategies to 
develop therapeutic approaches to induce Hb F expression.  

    2.2.2    b  -Globin Gene Mutations 

 In 1949, Linus Pauling published the seminal paper declaring sickle cell anemia a 
molecular disorder (Pauling et al.  1949 ), and the causative amino acid substitution 
in Hb S ( b  codon 6 GAG → GTG; Glu → Val;  b  S ) was demonstrated in 1957 by 
Ingram and associates (Ingram  1957  ) . Subsequently, using restriction endonu-
cleases to identify SNPs in the  b -globin locus, inherited chromosome structures 
(haplotypes) were de fi ned. In Africa, the  b  S  gene was associated with four haplo-
types representing regions where independent mutations occurred including 
Benin, Senegal, Central African Republic (Bantu), and Cameroon (Pagnier et al. 
 1984 ; Nagel et al.  1985  ) . A  fi fth Asian  b -locus haplotype was reported in Saudi 
Arabia and India (Nagel and Fabry  1985  ) . The regions in Africa where the spon-
taneous  b  S -globin mutation arose to produce hemoglobin S (Hb S) are endemic for 
malarial infestation. This observation is consistent with the notion that the high 
incidence of the  b  S -globin mutation is derived from natural selection (Carlson 
et al.  1994  ) . 

 Hemoglobin C ( b  codon 6 GAG → AAG; Glu → Lys) also protects against 
malaria. Modiano and associates studied 4,000 Hb C trait patients (Modiano et al. 
 2007  )  and demonstrated they had fewer episodes of malaria infections than did Hb 
A controls, and even lower rates of infection were observed in Hb CC individuals. 
Hemoglobin E produced by a  b  codon 26 GAG → AAG (Glu → Lys) mutation is 
one of the world’s most common hemoglobin variants. Individuals homozygous 
for the hemoglobin E allele (Hb EE) have a mild hemolytic anemia and mild sple-
nomegaly; however, Hb E trait is asymptomatic. In combination with certain thal-
assemia mutations, it provides resistance to malaria infection. Hb E is most 
prevalent in Southeast Asia (Thailand, Indonesia, Bangladesh, and Vietnam) and 
North East India, where in certain areas carrier rates reach 60% of the population. 
Other hemoglobin mutations including Hb D ( b  codon 121 GAA → CAA; Glu → 
Gln) and Hb O can combine with Hb S to produce rarer forms of sickle cell dis-
ease (SCD). 

    2.2.2.1   Sickle Cell Disease 

 Sickle cell anemia (Hb SS) is an autosomal recessive genetic disorder which is inher-
ited in a Mendelian pattern (Smith-Whitley and Pace  2007  ) . About 8% of African 
Americans are carriers, and 100,000 individuals have some form of SCD. The most 
recent prevalence statistics published by the General Services Administration dem-
onstrates that the distribution of SCD among different ethnic groups has become  fl uid 
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due to the high rate of racial admixture in the United States (  http://www.pueblo.gsa.
gov/cictext/health/sicklecell/496_sick.html    ). The data showed an 85% prevalence 
rate for all forms of SCD in individuals of African descent. The second most com-
monly affected group is Native Americans at a 10.6% prevalence rate; the remaining 
4.4% of SCD occurs in Asians, Hispanics, and Caucasians. Sixty- fi ve percent of 
SCD is caused by homozygous Hb SS disease, 25% by the compound heterozygote 
state Hb S and Hb C (Hb SC), 9% Hb S b -thalassemia, and the remaining 1% consists 
of other variants (Bond  2005  ) . 

 Infants with Hb SS have a delay in the  g - to  b -globin switch and Hb F levels 
average 9% at 24 months of age. This observation provided the impetus for wide-
spread research efforts to understand mechanisms for  g -gene silencing and to 
develop strategies to reverse this process in SCD. The ef fi cacy of Hb F is due to its 
ability to dilute Hb S concentrations below the threshold required for polymeriza-
tion in erythrocytes; furthermore, Hb F has a direct in fl uence on Hb S polymer sta-
bility (Bookchin et al.  1975  ) . Asymmetric hybrid molecules Hb F/S ( a  

2
 , g  b  S ) are 

produced when Hb F levels remain elevated to produce an observed clinical bene fi t 
(Bookchin et al.  1977 ; Nagel et al.  1979  ) . 

 The pathophysiology of SCD is based on Hb S polymerization that leads to the 
characteristic sickle-shaped red blood cells and oxidative membrane damage 
(Browne et al.  1998  ) . The hallmark symptoms are chronic hemolysis, anemia, and 
complications related to vascular (vaso)-occlusion. SCD is characterized by recur-
rent vaso-occlusive episodes caused by sickle-shaped red blood cells that obstruct 
capillaries and restrict blood  fl ow to organs, resulting in ischemia, pain, necrosis, 
and often organ damage. However, symptoms vary in frequency and severity 
between subpopulations of SCD patients in part due to variable Hb F levels (Platt 
et al.  1991  )  and other unde fi ned genetic modi fi ers. 

 The Multicenter Study of Hydroxyurea was initiated in 1992 to establish the 
 fi rst drug treatment for SCD. The major outcome of this randomized clinical trial 
was a signi fi cant reduction in vaso-occlusive episodes in the majority of patients 
treated with hydroxyurea (Charache et al.  1995  ) . Limitations to using this agent 
in adults, such as bone marrow suppression, concerns over long-term potential 
carcinogenic complications, and a 30% nonresponse rate (Steinberg et al.  1997  ) , 
make the development of alternative therapies desirable. Subsequent studies in 
children showed that hydroxyurea induces Hb F levels to twice the average level 
achieved in adults (Zimmerman et al.  2004 ; Hankins et al.  2005 ; Wang et al.  2011 ), 
suggesting that the  g -globin genes may not be completely silenced in young sub-
jects. This  fi nding argues that early institution of treatment will permit greater 
ef fi cacy and prevention of complications in SCD (Wang et al.  2011  ) . Other Hb 
F-inducing agents including arginine butyrate (Perrine et al.  1993 ; Atweh et al. 
 1999  ) , decitabine (Saunthararajah et al.  2003  ) , and novel short-chain fatty acid 
derivatives (Perrine et al.  2011  )  are being investigated in humans as potential Hb 
F inducers for the treatment of SCD. Hematopoietic stem cell transplantation 
is currently the only cure for SCD (Walters and Sullivan  2010  ) ; however, gene 
therapy approaches are under development, which hold promise (Yannaki and 
Stamatoyannopoulos  2010  ) .  

http://www.pueblo.gsa.gov/cictext/health/sicklecell/496_sick.html
http://www.pueblo.gsa.gov/cictext/health/sicklecell/496_sick.html


312 The Hemoglobin Regulatory Regions

    2.2.2.2    b -Thalassemia 

 The thalassemias are the most common single-gene disorders in the world population. 
 b -thalassemia is produced by mutations in the  b -globin gene, inherited in an auto-
somal recessive fashion. The de fi ciency or absence of  b -globin chains that charac-
terizes  b -thalassemia re fl ects the action of mutations that affect every level of 
 b -globin gene function, including transcription, mRNA processing, translation, and 
posttranslational stability of the  b -globin chain. The mutations are grouped accord-
ing to the mechanism by which they affect  b -globin expression (reviewed in 
Huisman  1997 ; Thein  1993  ) . As the molecular pathology is worked out, a more 
accurate approach to the classi fi cation of the different types of  b -thalassemia has 
become feasible. 

 Common causes of  b -thalassemia include, but are not limited to, gene deletions 
(Huisman  1997 ; Thein  1993  ) , mutations in the promoter regions of the  b -globin 
gene (Antonarakis et al.  1984 ; Orkin et al.  1983 ,  1984 ; Gonzalez-Redondo et al. 
 1988 ;  1989  ) , cap site mutations (Huisman  1997 ; Thein  1993  ) , mutations of the 
5 ¢ -untranslated region of the  b -globin gene (Cai et al.  1992 ; Cheng et al.  1984 ; 
Thein  1993 ; Gonzalez-Redondo et al.  1988  ) , and splice site mutations involving 
intron/exon boundaries (Antonarakis et al.  1984 ; Kazazian et al.  1984  )  among 
others. Over 200 mutations have been identi fi ed, but only 20 mutations account for 
80% of  b -thalassemia genes worldwide. 

 The severity of  b -thalassemia depends on the nature of the defect. Mutations are 
characterized as  b  o  if they prevent any formation of  b -globin chains or  b  +  if they 
allow some  b -globin chain formation to occur. In either case, there is a relative 
excess of  a -globin chains which do not form tetramers; rather, they bind to the red 
blood cell membrane, producing membrane damage and toxic aggregates. 

 Several mutations have been identi fi ed in the proximal  b -globin promoter includ-
ing substitution in the TATA box around −30 bp from the cap site or in the CACACC 
elements at −90 and −105 bp (Huisman  1997 ; Orkin et al.  1984  ) . These mutations 
produce decreased  b -globin transcription from 10% to 25% of normal levels clini-
cally manifesting at  b  + -thalassemia. Another mutation at −101 (C/T) produces a 
mild de fi cit of  b -globin mRNA (Gonzalez-Redondo et al.  1989  ) ; a mutation in the 
 b -globin cap site at +1 bp (A/C) (Wong et al.  1987  )  and 5 ¢ -untranslated region at 
+33 (C/G) also produce a mild effect on  b -globin transcription. 

 The boundaries between exons and introns are characterized by the invariant 
dinucleotides G-T at the donor (5 ¢ ) site and A-G at the acceptor (3 ¢ ) site. Mutations 
that affect either of these sites can abolish or alter normal splicing and give rise 
to  b -thalassemia (Huisman  1997 ; Kazazian et al.  1984  ) . Such mutations within 
the 5 ¢  donor site at position  fi ve of the intervening sequence 1 (IVS-1) (G/C or 
G/T) can lead to alternative splicing and a reduction in  b -globin chains (Orkin 
et al.  1982  ) . A mutation at position 110 in IVS-1 (G/A) creates a cryptic 3 ¢  donor 
site which produced 90% abnormal  b -globin mRNA and severe  b  + -thalassemia 
(Spritz et al.  1981  ) . Finally, a mutation in the AAUAAA sequence in the 
3 ¢ -untranslated region of  b -globin mRNA leads to a 90% loss of normal transcript 
(Orkin et al.  1985  ) . 
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 If both alleles have  b -thalassemia mutations (thalassemia major or Cooley’s 
anemia), a severe microcytic, hypochromic anemia is observed. Untreated, it will lead 
to splenomegaly, severe bone deformities, and death before the age of 20 (Cunningham 
 2010  ) . Treatment consists of periodic blood transfusion, splenectomy if hyper-
splenism is present, and treatment of transfusion-caused iron overload. Due to recent 
advances in iron chelation treatments, patients with thalassemia major can live long 
lives if they have access to proper treatment. Popular iron chelators include deferox-
amine and deferiprone. Cure is possible by hematopoietic stem cell transplantation. 

 Thalassemia intermedia results when mutations in the  b -globin gene lead to the 
synthesis of lower than normal levels of hemoglobin A; it is a milder form of  b -thala-
ssemia. These patients vary in their treatment needs, depending on the severity of their 
anemia. All thalassemia patients are susceptible to health complications that involve 
the spleen (which is often enlarged and frequently removed) and gall stones. These 
complications are mostly prevalent to thalassemia major and intermedia patients.   

    2.2.3    a  -Thalassemia 

  a -Thalassemia is typically caused by gene deletions in the  a -globin locus (Hardison 
et al.  2002  ) , with one gene deletion leading to a silent carrier state (/− a ) and two 
gene deletions (− a /− a ) producing an  a -thalassemia trait.  a -Thalassemia results in 
decreased  a -globin chain production, resulting in an excess of  b -globin chains 
in adults and excess  g -globin chains in newborns (Higgs and Gibbons  2010  ) . 
The excess  b -chains form unstable tetramers called hemoglobin H comprised of 
four  b -chains which have abnormal oxygen dissociation curves. The excess  g -chains 
form tetramers which are poor carriers of oxygen. Homozygote  a  0  thalassemia (−/−, 
−/−), where only  g  

4
  hemoglobin molecules (Hb Barts) are produced, often result in 

a still birth or  hydrops fetalis . 
 To interpret the molecular pathology of  a -thalassemia, it is important to appreci-

ate the structural variability in the  a -globin cluster not associated with clinical 
abnormalities. There are numerous point mutations, rearrangements, and gene con-
versions that have no effect on  a -globin gene expression (Lauer et al.  1980 ; Higgs 
et al.  1989  )  called nondeletion  a  + -thalassemia. These disorders result from single or 
oligonucleotide mutations; they are much less common than deletion forms of  a  + -
thalassemia. For example, two cases of mutations that inactivate the initiation codon 
(ATG to ACG or GTG) interfere with translation of  a -globin mRNA (Pirastu et al. 
 1984  ) . Another group of mutations involve substitution in the  a  

2
 -globin termination 

codon TAA (Weatherall and Clegg  1975  ) , leading to the insertion of an amino acid 
instead of chain termination. Several variant hemoglobin including Constant Spring, 
Icaria, and others are produced by this mechanism (Clegg et al.  1971,   1974  ) . Finally, 
substitutions in the poly(A) signal have been demonstrated that interfere with 
termination of transcription (Higgs et al.  1983  ) . Due to the wide variety of DNA 
mutations associates with  a  + -thalassemia, direct sequence analysis is often required 
to de fi ne the abnormality at the molecular level. 
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 About a third of patients with Hb SS have coincidental  a -thalassemia (Steinberg 
and Embury  1986  ) . These individuals have less hemolysis, higher packed cell 
volume, lower mean corpuscular volume, and lower reticulocyte counts (Embury 
et al.  1982 ; Steinberg et al.  1984  ) . Coinheritance of  a -thalassemia results in rela-
tively longer erythrocyte life span because of the reduction of dense and rigid sickle 
red cells. The resulting increased blood viscosity may increase the incidence of 
certain vaso-occlusive complications such as painful episodes, acute chest syn-
drome, and osteonecrosis.   

    2.3   Summary 

 For many decades, globin gene expression has been the focus of intensive research 
efforts because of its value to enlighten the biology of developmental gene regula-
tion. Analysis of the human globin genes in transgenic mice has provided many 
insights into mechanisms of hemoglobin switching. Moreover, numerous hemoglo-
binopathies resulting from genetic changes in coding and noncoding portions of the 
globin genes have been de fi ned at the molecular level. Speci fi cally, critical knowl-
edge has been acquired through the study of naturally occurring HPFH mutations 
that have shed light on mechanisms of the  g - to  b -globin switch. As genomic tech-
niques advance, our appreciation of the impact of these changes in globin gene 
expression and DNA–protein interactions will be expanded. These data will provide 
a basis for strategies to induce Hb F expression and to reduce disease severity in 
individuals with SCD and  b -thalassemia. Understanding the regulation of hemoglo-
bin synthesis could potentially lead to novel gene-based therapeutic approaches or 
a cure for the hemoglobinopathies.      

  Abbreviations 

  CDP    CCAAT displacement protein   
  CBP    CREB-binding protein   
  DRED    Direct repeat erythroid-de fi nitive   
  Hb F    Fetal hemoglobin   
  HPFH    Hereditary persistence of fetal hemoglobin   
  HS    Hypersensitive site   
  LCR    Locus control region   
  SSE    Stage selector element   
  SSP    Stage selector protein   
  STAT3    Signal transducers and activators of transcription   
  Hb SS    Sickle cell anemia   
  SCD    Sickle cell disease   
  SNP    Single nucleotide polymorphism    
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  Abstract   Osteoporosis is a common disease characterized by low bone mass and 
micro-architectural deterioration of bone tissue which leads to an increased risk of 
fragility fracture. Genetic factors play an important role in regulating bone mineral 
density (BMD) and other phenotypes relevant to the pathogenesis of osteoporosis. 
It is currently believed that a large number of susceptibility alleles contribute to the 
risk of osteoporosis each with a small effect size. Very little is known about the 
molecular mechanisms by which these variants predispose to osteoporosis, but it is 
likely that many affect regulatory elements and act by altering gene expression. 
Here, we review the molecular mechanisms by which common variants at the  ERS1 , 
 COL1A1  and  VDR  loci regulate gene expression and predispose to osteoporosis. 
The most extensively studied locus is  COL1A1 , where a speci fi c haplotype encom-
passing polymorphisms in the promoter and intron 1 leads to over-expression of 
 COL1A1  mRNA and an imbalance in production of the collagen type 1  a 1 chain 
relative to the  a 2 chain. Polymorphisms in the regulatory regions of  ESR1  and  VDR  
have also been described which modulate gene expression, but the mechanisms by 
which these predispose to osteoporosis have not been fully investigated. Genome-
wide association studies have identi fi ed several variants that are associated with the 
expression of these genes, but further work will be required to de fi ne the responsible 
mechanisms.  
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collagen  •  Vitamin D receptor  

    H.   Jin  
     Kennedy Institute of Rheumatology ,  University of Oxford ,
  65 Aspentea Road, London W6 8LH        
e-mail:  huilin.jin@kennedy.ox.ac.uk  

     S.  H.   Ralston    (*)
     Molecular Medicine Centre, Institute of Genetics and Molecular Medicine , 
 Western General Hospital ,   Edinburgh   EH4 2XU ,  UK    
e-mail:  Stuart.Ralston@ed.ac.uk   

    Chapter 3   
 Regulatory Polymorphisms and Osteoporosis       

       Huilin   Jin       and    Stuart   H.   Ralston         



42 H. Jin and S.H. Ralston

         3.1   Introduction 

 Osteoporosis is a common disease with a strong genetic component characterized by 
low bone mass, architectural deterioration of bone tissue and an increased risk of low 
trauma fractures. It is a major public health problem worldwide with enormous social 
and economic impact, with annual treatment costs estimated at $20 billion in the 
USA and about $30 billion in the European Union (Cummings and Melton  2002  ) . 

 Osteoporosis is diagnosed when bone mineral density levels fall more than 2.5 
standard deviations below those observed in young healthy individuals (T-score less 
than −2.5) (Kanis et al.  1994  ) . According to this de fi nition, osteoporosis is predomi-
nantly a disease of older people; it is uncommon below the age of 50 but increases 
in incidence thereafter to affect about 50% of women and 12% of men at some point 
in life. Fractures also increase in incidence with age in both men and women 
although this is only partly due to the reduction in BMD; a more important factor is 
the increased risk of falling with age due to a deterioration in muscle power, balance 
and cognitive function (De Laet et al.  1997  ) . 

    3.1.1   Pathophysiology 

 Osteoporosis occurs because of an imbalance in the amount of bone that is removed 
by osteoclasts during the bone remodeling cycle and the amount that is replaced by 
bone formation. Many factors in fl uence this process including circulating hormones 
such as estrogen, parathyroid hormone and calcitriol and locally produced regula-
tory molecules such as receptor activator of nuclear factor kappa B ligand (RANKL), 
osteoprotegerin (OPG), sclerostin (SOST) and members of the Wnt family of pro-
teins. Estrogen plays a key role in protecting against osteoporosis in both men and 
women by inhibiting bone resorption and coupling resorption to new bone forma-
tion. De fi ciency of estrogen such as occurs after menopause results in increased 
bone turnover with relative uncoupling of bone resorption and bone formation, 
leading to bone loss.  

 There are many risk factors for osteoporosis including early menopause, 
in fl ammatory diseases, poor diet, excessive alcohol intake, smoking and immobil-
ity. In addition, many drug treatments predispose to osteoporosis including corticos-
teroids which suppress bone formation and aromatase inhibitors which lower 
estrogen levels by inhibiting aromatization of adrenal androgens. One of the most 
important risk factors for osteoporosis is family history, emphasizing the impor-
tance of genetic factors in the pathogenesis of the disease.  

    3.1.2   Genetic Architecture of Osteoporosis 

 Twin and family studies have shown that BMD and other osteoporosis-related phe-
notypes such as biochemical markers of bone turnover, skeletal geometry, ultrasound 



433 Regulatory Polymorphisms and Osteoporosis

properties of bone, body mass index (BMI) and muscle strength all have a heritable 
component (Table  3.1 ).  

 Heritability studies have indicated that genetic in fl uences on BMD and the other 
phenotypes mentioned above are polygenic in nature and are mediated by a large 
number of variants of modest effect sizes and their interactions with environmental 
factors (Gueguen et al.  1995  ) . This has been borne out by the results of genome-
wide association studies (GWAS) which have identi fi ed a large number of suscepti-
bility loci for BMD and fracture which have small effect sizes (Rivadeneira et al. 
 2009  ) . It is unclear to what extent rare variants of medium to large effect size also 
contribute to the pathogenesis of osteoporosis, but this is likely to become apparent 
as genome-wide sequencing is performed in patients with the disease. It should be 
noted that several rare diseases have been identi fi ed where osteoporosis, fragility 
fractures or unusually high bone mass are caused by mutations in single genes with 
large effects, including osteogenesis imperfecta (OI), osteoporosis-pseudoglioma 
syndrome (OPS) and high bone mass syndromes (Balemans et al.  2005 ; Janssens 
and Van Hul  2002  ) . Although these diseases are caused by rare mutations, some of 
the common polymorphic variations in the disease-causing genes also contribute to 
the regulation of BMD in the general population. 

 A large number of genes and loci have been identi fi ed that are associated with 
BMD, but at the current time, only 20 loci have attained the threshold for genome-
wide signi fi cance (Rivadeneira et al.  2009  ) , and none have been identi fi ed where 
genome-wide signi fi cance has been attained for the phenotype of fracture.   

    3.2   Regulatory Variants and Osteoporosis 

 Little work has been done to characterize the functional mechanisms by which sus-
ceptibility alleles for osteoporosis regulate gene expression or function. Here, we 
review speci fi c examples of candidate genes where polymorphisms have been 
identi fi ed that are associated with BMD and where functional assays have been 

   Table 3.1    Heritability of BMD and other osteoporosis phenotypes   
 Phenotype  Heritability  References 

 BMD  0.5–0.85  Pocock et al.  (  1987  ) , Arden et al.  (  1996  )  
 Fracture  0.1–0.68  Michaelsson et al.  (  2005  )  
 Biochemical markers of bone 

turnover 
 0.59–0.75  Hunter et al.  (  2001  )  

 Skeleton geometry  0.62  Arden et al.  (  1996  )  
 Quantitative ultrasound  0.53  Arden et al.  (  1996  )  
 Lean body mass and muscle 

strength 
 0.63–0.82  Arden and Spector  (  1997  ) , Kaprio et al. 

 (  1995  )  
 Age at menarche  0.37  Kaprio et al.  (  1995  )  
 Age at menopause  0.59–0.63  Snieder et al.  (  1998  )  
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conducted. We also brie fl y review the evidence emerging from GWAS which 
suggest that additional polymorphisms affecting the regulatory regions of candidate 
genes predispose to osteoporosis. 

    3.2.1   Estrogen Receptor 

 Estrogen plays an important role in many physiological processes, one of them 
being the regulation of bone mass and turnover. There are two estrogen receptors 
(alpha and beta) encoded by the  ESR1  and  ESR2  genes, respectively. Preclinical 
studies indicate that  ESR1  plays the predominant role in regulating bone mass and 
bone turnover in males, whereas in females, both receptors are important (Sims 
et al.  2002  ) . The  ESR1  locus has been implicated as a genetic determinant of sus-
ceptibility to osteoporosis by candidate gene studies (Albagha et al.  2005 ; Ioannidis 
et al.  2002  )  and GWAS (Rivadeneira et al.  2009 ; Styrkarsdottir et al.  2008  ) . 
Polymorphisms in the coding regions of  ESR1  do not appear to be responsible for 
these associations; instead, it seems likely that variants affecting the regulatory 
region of the gene are responsible. Most work has focused on two polymorphisms, 
rs2234693 and rs9340799, which are situated within intron 1 and recognized by the 
restriction enzymes  PvuII  and  XbaI , respectively. These polymorphisms are in 
strong linkage disequilibrium with each other and with a TA repeat polymorphism 
in the  ESR1  promoter (Albagha et al.  2001  ) . While the region surrounding the intron 
1 polymorphisms is highly conserved across species, the region surrounding the TA 
repeat polymorphism is not, suggesting that the intron 1 variants may be responsible 
for the associations observed (Albagha et al.  2001  ) . Bioinformatic analysis has 
shown that the rs2234693 ( PvuII ) polymorphism is situated at a consensus binding 
site for the AP-4 ( TFAP4 ) and v-myb myeloblastosis viral oncogene homolog 
( MYB ) transcription factors (Albagha et al.  2001 ; Herrington et al.  2002  ) . In addi-
tion, promoter-reporter assays have shown that the C allelic variant at the  PvuII  site 
gives signi fi cantly greater reporter gene expression when compared with the 
T-variant in the presence of MYB (Herrington et al.  2002  ) . Other researchers have 
also con fi rmed that haplotypes in this region regulate transcription in reporter assays 
(Maruyama et al.  2000  ) . At present, it is unclear whether the associations with BMD 
noted above are primarily driven by variation at the polymorphic sites discussed 
above or whether other polymorphic sites within this region also contribute to the 
phenotype.  

    3.2.2   Type 1 Collagen 

 Type 1 collagen is the major bone protein. It is a triple-helical protein comprising 
two  a 1 polypeptide chains and  a 2 polypeptide chain, which are encoded by the col-
lagen, type 1, alpha 1 ( COL1A1 ) and collagen, type 1, alpha 2 ( COL1A2 ) genes, 
respectively. Mutations affecting the protein coding regions of both genes cause 
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osteogenesis imperfecta, a rare disorder characterized by reduced BMD and fragility 
fractures (Byers  2000  ) . Over recent years, evidence has emerged to suggest that 
common variants in the regulatory region of the  COL1A1  gene predispose to osteo-
porosis (Grant et al.  1996 ; Jin et al.  2011  ) . 

 The  fi rst study to be reported was that of Grant and colleagues who identi fi ed a 
G/T polymorphism (rs1800012; at position +1245) in the  fi rst intron of the  COL1A1  
gene (Fig.  3.1 ) that was associated with low bone mass and an increased risk of 
fracture (Grant et al.  1996  ) . This polymorphism was shown to lie within an Sp1 
transcription factor (Sp1) binding site. It has long been established that intron 1 of 
the human  COL1A1  gene contains regulatory elements including several Sp1 bind-
ing sites that play a role in regulating gene transcription (Bornstein et al.  1987  ) . 
Positive associations between the Sp1 polymorphism and BMD, fractures and post-
menopausal bone loss were subsequently reported in several studies (Keen et al. 
 1999 ; Uitterlinden et al.  1998 ; Langdahl et al.  1998 ; Garnero et al.  1998  )  and in 
meta-analyses of published studies (Mann and Ralston  2003 ; Mann et al.  2001 ; Jin 
et al.  2011 ; Ralston et al.  2006  ) . The  COL1A1  locus has not emerged as a genome-
wide signi fi cant determinant of BMD in recent GWAS studies, although it should be 
noted that the rs1800012 polymorphism shows no signi fi cant linkage disequilibrium 
with the SNPs used in the marker panels for these studies (Fig.  3.1 ) (Jin et al.  2011  ) . 

  Fig. 3.1     Linkage disequilibrium across the COL1A1 locus as assessed by the R2 value.  Dark grey 
or black boxes indicate high LD whereas light grey or white boxes indicate low LD. The six SNPs 
included in GWAS panels are highlighted along with the intron 1 and promoter polymorphisms       
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However, even in the largest meta-analysis which included 24,511 participants, the 
association between the rs1800012 SNP and BMD did not attain genome-wide 
signi fi cance (Ralston et al.  2006  ) . Association studies between the  COL1A1  Sp1 
polymorphism and osteoporosis suggested that the osteoporosis-associated “T” 
variant reduced BMD in a dominant fashion with an allele-dose effect (Grant et al. 
 1996 ; Uitterlinden et al.  1998  ) . More recent meta-analyses have suggested that the 
effect on BMD is only observed in homozygotes for the T-variant, whereas the asso-
ciation with vertebral fracture is allele-dose dependent (Ralston et al.  2006  ) . In many 
studies, the association between  COL1A1  variants and vertebral fracture has not 
been fully explained on the basis of the association with BMD, which indicates that 
variation at this site may in fl uence bone quality (Ralston et al.  2006  ) . In addition to 
BMD and vertebral fracture, genetic variation at rs1800012 has been associated 
with other phenotypes relevant to osteoporosis, such as femoral neck geometry 
(Qureshi et al.  2001  ) , bone mineralization in vitro and in vivo (Stewart et al.  2005  )  
and the therapeutic response to etidronate therapy (Qureshi et al.  2002  ) . 

 The mechanisms by which rs1800012 predisposes to osteoporosis have been 
extensively studied. The rs1800012 polymorphism was shown to be at a binding 
site for Sp1 by Grant and colleagues (Grant et al.  1996  ) , and it was subsequently 
shown that binding af fi nity for the Sp1 protein was greater for the osteoporosis-
associated T allele as compared with the G allele. These differences in DNA-protein 
binding were accompanied by increased allele-speci fi c transcription of  COL1A1  
mRNA relative to  COL1A2  mRNA in cultured osteoblasts from patients heterozy-
gous for rs1800012 (Fig.  3.2 ) (Mann et al.  2001  ) . This was accompanied by a rela-
tive increase in the amount collagen type 1  a 1 protein produced relative to the 
collagen type 1  a 2 chain such that in G/T heterozygotes, the ratio of collagen type 
1  a 1 to collagen type 1  a 2 chains was increased to 2.3:1 instead of the expected 2:1 
observed in G/G homozygotes. This suggests that some of the collagen produced by 
osteoblasts in G/T heterozygotes is in the form of collagen  a 1 homotrimers which 
are mechanically weaker than  a 1/ a 2 heterotrimers because of altered inter-molecular 
cross-linking (Misof et al.  1997  ) . In keeping with the hypothesis that rs1800012 
alleles may in fl uence bone quality, bone cores from G/T heterozygotes were shown 
to have impaired bone strength when compared with G/G homozygotes by biome-
chanical testing. In addition, a subtle reduction in bone mineralization was also 
detected by quantitative backscatter electron imaging (Stewart et al.  2005 ; Jin et al. 
 2009a  ) . The mineralisation potential of cultured osteoblasts was also found to be 
reduced in G/T heterozygotes (Stewart et al.  2005  ) . Taken together, these data sug-
gest that the rs1800012 polymorphism is a functional variant that in fl uences Sp1 
DNA binding,  COL1A1  transcription and protein production which has adverse 
effects on bone composition and biomechanical strength.  

 Two other polymorphisms have been identi fi ed in the promoter of the  COL1A1  
gene that are in linkage disequilibrium with each other and with rs1800012 (Fig.  3.1 ). 
These are a G/T polymorphism at position −1997 relative to the transcription start 
site (rs1107946) and an insertion/deletion polymorphism of a T-residue at position 
−1663 (rs2412298) (Garcia-Giralt et al.  2002  ) . Variants at these two polymorphic 
sites have been found to interact with each other and with rs1800012 to regulate 
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BMD and predict fracture risk in several populations (Jin et al.  2009a ; Garcia-Giralt 
et al.  2002 ; Bustamante et al.  2007 ; Stewart et al.  2006  ) . The promoter polymor-
phisms at positions −1997 and −1663 have also been shown to have effects on regu-
lation of  COL1A1  transcription. The region surrounding the −1663indelT 
polymorphism is homologous to the rat  COL1A1  promoter site B, and previous 
studies in the rat have shown that the polyT tract in this region binds the transcrip-
tion factor zinc  fi nger protein 384 (ZNF384; NMP4) (Alvarez et al.  1997  ) . The 
region surrounding the human −1663indelT site has also been found to bind NMP4 

  Fig. 3.2     Proposed mechanism by which COL1A1 alleles predispose to osteoporosis.  Poly-
morphisms in the 5 ¢   fl anking region of  COL1A1  regulate binding af fi nity of several critical nuclear 
binding proteins including Nmp4, Osterix and Sp1. This increases transcription of haplotype 2 
which causes increased expression of  COL1A1  mRNA and over production of the alpha 1 chain 
relative to alpha 2, such that a proportion of collagen produced by osteoblasts is in the form of 
alpha 1 homotrimers. This adversely affects mineralization of bone, resulting in reduced BMD and 
an increased risk of fracture       
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with greater af fi nity of binding for the −1663delT allele (Garcia-Giralt et al.  2002, 
  2005 ; Jin et al.  2009b  ) . This is of interest in light of the fact that NMP4 negatively 
regulates collagen transcription (Robling et al.  2009  )  and that the −1663delT allele 
is associated with reduced BMD (Stewart et al.  2006  ) . The region upstream of 
−1663indelT site also binds the SP7 transcription factor (SP7; Osterix) (Jin et al. 
 2009b  ) , which plays an essential role in osteoblast differentiation (Nakashima et al. 
 2002  ) . The region surrounding the −1997 site contains a consensus sequence for 
Sp1 binding (Garcia-Giralt et al.  2005  ) . Although this site recognizes osteoblast-
derived nuclear proteins in vitro (Garcia-Giralt et al.  2002  ) , competition assays indi-
cate that Sp1 does not appear to be one of the proteins responsible for DNA binding 
in nuclear extracts from osteoblast-like cells (Jin et al.  2009b  ) . Promoter-reporter 
assays and chromatin immunoprecipitation assays (ChIP) described below have 
shown that the polymorphic sites in the promoter and intron 1 interact together to 
form a haplotype that regulates  COL1A1  transcription (Garcia-Giralt et al.  2005 ; Jin 
et al.  2009b  ) . When examined individually, higher levels of transcription have been 
observed with the G allele at the −1997 site, with the delT allele at the −1663 site and 
with the T allele at the +1245 (Sp1) site (Garcia-Giralt et al.  2005 ; Jin et al.  2009b  ) . 
In accord with these results, the highest overall transcription has been observed 
with the −1997G/−1663delT/+1245T haplotype (Jin et al.  2009b  ) , which has also 
been associated with reduced BMD in clinical studies (Stewart et al.  2006 ; Jin et al. 
 2009b  ) . 

 Analysis of the  COL1A1  5 ¢   fl anking region by ChIP assays using antibodies for 
NMP4, Osterix and Sp1 has shown evidence that the promoter region and intron 1 
interact to regulate transcription and that Nmp4 is recruited to the Sp1 binding site 
within this intron (Jin et al.  2009b  ) . Taken together, these observations are consis-
tent with a model whereby increased  COL1A1  transcription driven by an interaction 
between the three polymorphic sites in the regulatory region of the gene predisposes 
to osteoporosis, probably by increasing production of the alpha 1 chain and disrupt-
ing the normal ratio of collagen type 1 alpha 1 and alpha 2 chains.  

    3.2.3   Vitamin D Receptor 

 The active metabolites of vitamin D play an important role in regulating bone cell 
function and maintenance of calcium homeostasis by binding to the vitamin D 
receptor (VDR). The  VDR  gene was one of the  fi rst candidates to be studied in 
relation to osteoporosis. The  fi rst study was that of Morrison and colleagues who 
found an association between polymorphisms affecting the 3 ¢  region of  VDR  and 
circulating osteocalcin levels (Morrison et al.  1992  ) . In a subsequent study, the same 
group reported a signi fi cant association between a  BsmI  polymorphisms in intron 8 
of  VDR  (rs1544410) and BMD in a twin study and a population-based study 
(Morrison et al.  1997  ) . Further association studies of these polymorphisms were 
performed in relation to BMD and osteoporotic fractures with con fl icting results 
although most of these studies were underpowered. In the GENOMOS study, which 



493 Regulatory Polymorphisms and Osteoporosis

involved almost 26,000 subjects who had been phenotyped for spine and hip BMD 
and for the presence of fractures, no association was observed between the  BsmI , 
 ApaI  (rs1787935) or  TaqI  (rs1788009) 3 ¢  polymorphisms and BMD or fracture 
(Uitterlinden et al.  2006  ) . Other polymorphisms at the VDR locus have also been 
studied in relation to osteoporosis phenotypes, most notably a polymorphism in 
exon 2 of VDR recognized by the  Fok I restriction enzyme (rs17881966) which 
introduces an alternative translational start site yielding two isoforms of VDR, one 
slightly shorter than the other (Arai et al.  1997 ; Gross et al.  1998a  ) . The other is 
rs11568820 which is located in the  VDR  promoter and is thought to affect a binding 
site for the transcription factor caudal type homeobox 2 ( CDX2 ) (Arai et al.  2001  ) . 
Studies of these polymorphisms in relation to BMD and fracture have yielded 
inconsistent results although large-scale studies have yielded some evidence for an 
association between the  CDX2  polymorphism and osteoporosis-related phenotypes 
(Uitterlinden et al.  2006  ) . 

 Many investigators have conducted functional analysis of individual  VDR  poly-
morphisms and haplotypes. Reporter gene constructs prepared from the 3 ¢  region of 
the VDR gene from different individuals have shown evidence of haplotype-speci fi c 
differences in gene transcription, raising the possibility that polymorphisms in this 
region may be involved in regulating mRNA stability (Morrison et al.  1994  ) . In sup-
port of this view, cell lines which were heterozygous for the  TaqI  polymorphism 
showed differences in allele-speci fi c transcription of the  VDR  gene (Verbeek et al. 
 1997  ) . In this study however, transcripts from the “t” allele were 30% more abundant 
than the “T” allele which is the opposite from the result expected on the basis of 
Morrison’s results (Morrison et al.  1994  ) . In another study, bone samples from subjects 
in the MrOS study of community dwelling men aged >65 from the USA showed 
differences in allele-speci fi c transcription in association with 3 ¢   VDR  haplotypes 
(Grundberg et al.  2007  ) . Speci fi cally, carriage of haplotype 1 (baT) was associated 
with increased  VDR  mRNA abundance, and this haplotype was also associated with 
an increased risk of fracture in men. In a comprehensive analysis of several cell 
lines, Fang and colleagues also demonstrated that the baT haplotype was associated 
with decreased  VDR  mRNA levels (Fang et al.  2005  ) . Other in vitro studies have 
shown no differences in allele-speci fi c transcription, mRNA stability or ligand bind-
ing in relation to the  BsmI  polymorphism (Mocharla et al.  1997 ; Gross et al.  1998b ; 
Durrin et al.  1999  ) . 

 Additional functional studies have been carried out on other VDR 3 ¢  variants. In 
vitro studies have shown that different  VDR FokI  alleles differ in their ability to 
drive reporter gene expression (Arai et al.  1997 ; Jurutka et al.  2000  ) , and the poly-
morphic variant lacking three amino acids (“F”) has also been found to interact with 
human basal transcription factor IIB more ef fi ciently than the longer isoform (“f”). 
However, other researchers have found no differences between  FokI  alleles in terms 
of VDR ligand binding, DNA binding or transactivation activity (Gross et al.  1998a  ) . 
There is good evidence that the  CDX2  polymorphism within the promoter of 
the  VDR  gene is functional. Arai and colleagues noted that the G allele had 
reduced af fi nity for CDX2 protein binding and also had a 70% reduced ability to 
drive reporter gene expression compared with the A allele (Arai et al.  2001  ) . 
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In summary, the studies which have been performed to date do not support the 
hypothesis that allelic variation at the  VDR  locus plays a major role in regulating 
bone mass or osteoporotic fracture. However, there is evidence to support that some 
of these  VDR  polymorphisms have functional effects.  

    3.2.4   Other Regulatory Variants 

 Emerging data from GWAS suggests that some common variants which predispose 
to osteoporosis do so by affecting transcriptional regulation of the target genes. 
Recent GWAS studies found associations between SNPs at the wntless homolog 
( WLS ;  GPR177 ), myocyte enhancer factor 2C ( MEF2C ), forkhead box C1 ( FOXC1 ) 
and tumor necrosis factor receptor superfamily member 11b ( TNFRSF11B ) loci that 
were associated with BMD and  cis -allelic expression of variants at the same loci 
(Rivadeneira et al.  2009 ; Richards et al.  2008  ) . At the present time, the molecular 
mechanisms underlining these associations have not been explored, although it 
seems likely that polymorphic variations affecting common regulatory elements 
will be found to underlie the effects mentioned above.   

    3.3   Conclusions 

 Current evidence suggests that common genetic variants affecting regulatory ele-
ments in the human genome contribute to the pathogenesis of osteoporosis by 
affecting expression levels of genes that regulate bone cell function and matrix pro-
duction. Further work will be required to investigate the molecular mechanisms by 
which susceptibility alleles for osteoporosis exert their effects and to de fi ne the 
extent to which regulatory variants and protein coding variants regulate bone mass, 
bone structure and other phenotypes relevant to the pathogenesis of osteoporosis.      

 Abbreviations  

  BMD    Bone mineral density   
  BMI    Body mass index   
  ER    Endoplasmic reticulum   
  GWAS    Genome-wide association studies   
  HAL    Skeleton genometry   
  LRP5    Low-density lipoprotein-related receptor-5 gene   
  OI    Osteogenesis imperfecta   
  SD    Standard deviation   
  SSc    Systemic sclerosis   
  OPS    Osteoporosis-pseudoglioma syndrome    
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  Abstract   Van Buchem disease (VB) is a rare autosomal recessive disorder in which 
progressive bone overgrowth leads to very dense bones, distortion of the face, and 
entrapment of cranial nerves. It uniquely stands out as a congenital disorder likely 
to be caused by noncoding mutations for several reasons: (1) it maps to the same 
locus on human chromosome 17q12–21 as a highly similar disorder, sclerosteosis; 
(2) several single speci fi c mutations have been identi fi ed in sclerosteosis patients 
that all predict null alleles in the determinant gene, sclerostin or  SOST ; (3) no coding 
mutations in  SOST  have been identi fi ed in VB patients; and (4) all VB patients carry 
a homozygous 52-kb noncoding deletion downstream of the  SOST  transcript. Here, 
we describe how by using comparative sequence analysis, BAC recombination, and 
enhancer assays, in combination with the generation of transgenic and knockout 
mice, it has been shown that human  SOST  is essential for maintaining healthy bone 
metabolism and that VB disease is caused by a noncoding deletion that removes a 
 SOST -speci fi c regulatory element, ECR5.  
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    4.1   Introduction 

    4.1.1   Clinical and Radiological Features of Sclerosteosis 
and Van Buchem Disease 

 Genetic disorders affecting the skeleton are rare, and they comprise a large group of 
clinically distinct and genetically heterogeneous conditions. Clinically, they can 
range from neonatal lethal to only mild growth retardation, and their clinical diver-
sity makes them dif fi cult to diagnose (Kornak and Mundlos  2003  ) . In general, skel-
etal disorders have been subdivided into dysostoses, de fi ned by the type of 
malformations observed for individual groups of bones or as osteochondrodyspla-
sias, de fi ned as developmental disorders of chondro-osseous tissues. 

 One category of skeletal dysplasias is represented by disorders of skeletal homeo-
stasis. From the moment the bone is formed, two types of cells, osteoblasts and 
osteoclasts, simultaneously contribute to maintaining the integrity of the skeleton 
by forming or resorbing bone, respectively. This processes termed bone remodeling 
functions both to preserve the overall bone mass as well as to restructure the bone 
in response to metabolic and mechanical needs of the organism (Kornak and 
Mundlos  2003  ) . In general, these disorders interfere with bone balance such that 
low (osteoporosis) or high (osteopetrosis) bone mass phenotypes can arise. Here, 
we introduce two conditions mediated by osteoblast dysfunction: Van Buchem dis-
ease (VB) and sclerosteosis which result in generalized high bone mass (HBM) due 
to overactive osteoblast activity. In particular, we will review recent data that estab-
lishes that VB is due to the removal of a transcriptional regulatory element, ECR5 
(evolutionary conserved region 5), that is essential for the transcriptional activation 
of the causative gene,  SOST , in the skeleton.  

    4.1.2   Van Buchem Disease 

 Van Buchem (VB) disease or hyperostosis corticalis generalisata (MIM 239100) is 
a rare autosomal recessive bone dysplasia  fi rst described in 1955 by Van Buchem 
et al.  (  1955  ) . Clinically and radiographically, the disorder manifests itself as mas-
sive hyperostosis of the calvarium and mandible, mild sclerosis of the spine, and 
increased radiographic density and cortical thickening of the long bones of the arms 
and legs. On average, bone overgrowth in VB results in very high bone mineral 
density that leads to a skeleton that is 3–4 times heavier than normal (Fig.  4.1a ) 
(Janssens and Van Hul  2002  ) . As a consequence to bone overgrowth, VB patients 
display facial distortion (Fig.  4.1b ,  c ) accompanied by deafness and facial palsy, 
directly due to bone entrapment of the seventh and eighth cranial nerves. The preva-
lence of the disorder is very low; in 2002, it was estimated that only about 30 indi-
viduals have been diagnosed worldwide, predominantly from Dutch ancestry 
(Staehling-Hampton et al.  2002  ) .   
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    4.1.3   Sclerosteosis 

 Similar to VB, sclerosteosis (MIM 269500) is also an autosomal recessive skeletal 
dysplasia characterized by the presence of generalized skeletal overgrowth which is 
more severe than VB. Patients have been described to display enlarged skulls and 
mandibles (Fig.  4.1d ,  e ) and to be very tall. The average height for affected men was 
6 ft 4 in. (194 cm; range 178–207 cm) and 5 ft 10 in. (180 cm; range 168–190 cm) 
for women (Hamersma et al.  2003  ) . These individuals have a normal body fat index 
but have excessive weight, averaging 185 lb (lb) (83–85 kg) for men and women, 
due only to high skeletal weight. Intracranial pressure due to bone overgrowth is 
more serious in sclerosteosis than in VB patients, where sudden death frequently 
occurs (Hamersma et al.  2003 ; Balemans et al.  2001  ) . This condition is also very 

  Fig. 4.1     Clinical representation of patients with Van Buchem and Sclerosteosis disease.  Frontal 
views ( b – e ) and hands ( b ,  d – f ). To illustrate the impressive gain in weight by adding mineral den-
sity, Janssens and Van Hul have previously shown a VB skull which weighs close to 4 times that 
of a normal skull ( a ) (Janssens and Van Hul  2002  ) . Facial characteristics of VB include a high 
forehead, protruding large chin, and partial face paralysis on the  left side  ( b – c ). No syndactyly has 
ever been documented for VB patients ( b ). The adult in this picture is a 30-year-old female that 
shows facial characteristics of sclerosteosis with a high forehead, protruding large chin, and partial 
face paralysis on the  left side . Her syndactyly has been corrected, and she also underwent craniec-
tomy and mandibular reduction. She is 5 ft 9 in. tall and she weighs 187 lb ( d ). The children are 
4- and 3-year-old siblings, who have unilateral digits 2/3 syndactyly. Both have already experi-
enced intermittent facial palsy, and already at this young age, they are distinguished by large 
foreheads and protruding mandibles ( e ). In addition to syndactyly (a), sclerosteosis patients also 
display nail dysplasia (b) and radial deviation of the phalanges (c) (Hamersma et al.  2003  )        
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rare, with less than 100 documented cases, and most of the affected individuals are 
among the Afrikaner community in South Africa, who are also of Dutch ancestry. 
A recent study by Hamersma et al. in 2003 described data collected for 63 affected 
individuals (29 females and 34 males) corresponding to 38 families, 8 of which 
were consanguineous. These individuals were observed for the course of 38 years, 
during which 34 of the 63 patients died primarily as a direct result of elevated intrac-
ranial pressure (Hamersma et al.  2003  ) . Facial palsy and deafness were evident as 
early as 5 years of age, and 82% of the affected individuals developed these symp-
toms in childhood.  

    4.1.4   Differences Between Van Buchem Disease 
and Sclerosteosis 

 One characteristic that sets VB apart from sclerosteosis is the absence of hand 
abnormalities. Among the 63 sclerosteosis individuals described by Hamersma 
et al., 48 had syndactyly of the digits, 41 of which represented a fusion of the index 
and middle  fi ngers (digits 2/3; Fig.  4.1e ,  f ). The extent of syndactyly ranges from 
minor soft tissue webbing to bone fusions. Radiographs of these individuals reveal 
marked cortical hyperostosis, where most of the tubular bones are widened and 
irregular. Another observed anomaly is radial deviation of phalanges, where the 
bones curve away from the axis of the body. While no digit abnormalities are noted 
on the toes, these patients do have dysplastic or absent nails on both hands and toes. 
Soft tissue syndactyly and abnormal nails suggest that the hand defects in scleros-
teosis are in part a syndrome that affects derivatives of the ectoderm. In contrast to 
sclerosteosis, syndactyly has never been documented for VB patients (Staehling-
Hampton et al.  2002  ) .   

    4.2   Genetics of VB and Sclerosteosis 

 Despite the radiographic and clinical similarities between VB and sclerosteosis, these 
two craniotubular hyperostoses were originally classi fi ed as two distinct sclerosteo-
ses. It was only in 1984 that Beighton et al.  fi rst suggested that they are allelic because 
VB displays milder characteristics of sclerosteosis, and hence they may potentially 
be caused by hyper- and hypomorphic allelic versions of the same gene (Beighton 
et al.  1984  ) . A genome-wide linkage study with 391 highly polymorphic microsatel-
lite markers in 11 Van Buchem patients from a highly inbred family, in a small ethnic 
isolate of the Netherlands, suggested that VB is linked to a chromosomal region 
around marker D17S1299 with a LOD score of 8.82 at a recombination frequency 
of 0.01 (Van Hul et al.  1998  ) . This region was further re fi ned to a 1 centimorgan 
(cM) segment encompassing many genes on human chromosome 17q12–21, as the 
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candidate region for VB (Van Hul et al.  1998  ) . Shortly thereafter, two unrelated 
families from Brazil and the United States were used to map the sclerosteosis caus-
ative gene to the same genomic interval, strengthening the argument that these two 
disorders are due to mutations in the same gene (Balemans et al.  1999  )  (Fig.  4.2a ).  

  Fig. 4.2     Mapping of Van Buchem disease and sclerosteosis to the same region on human chromosome 
17q12–21 and genetic mutations speci fi c for the two disorders.  Genetic map of human chromosome 
17 showing the initial sclerosteosis region mapped on 17q12–21 and the subsequent narrowing of 
the region between D17S1787 and D17S930/4 interval that contains the  SOST  transcript ( a ). 
Mutation analysis of the  SOST  gene identi fi ed several mutations (mut1–5) that either interfere with 
the splice site (mut2–3) or cause premature termination (mut1; mut4–5) that cause sclerosteosis ( b ). 
A homozygous 52-kb deletion was identi fi ed downstream of  SOST  in all Van Buchem patients 
examined, within the  SOST-MEOX1  intergenic region. The deletion was  fl anked by Alu repeats, 
suggesting that the deletion was derived by intrachromosomal recombination ( c ). A 158-kb human 
BAC (SOST  wt  ) spanning  SOST  and  MEOX1  was modi fi ed by in vitro BAC recombination to delete 
the 52-kb noncoding region absent in VB patients (SOST  VB D   ) ( c ) (Loots et al.  2005  ) . SOST-LacZ 
knockin mice were used to determine  SOST  expression based on  b -galactosidase activity. The 
mouse humerus was sectioned and processed for LacZ expression. Expression was detected only 
in osteocytes ( d )       
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 The VB gene was later mapped to a 0.7-cM region between markers D17S1787 
and D17S934 (Van Hul et al.  1998  ) , and the sclerosteosis candidate gene was sub-
sequently mapped to ~1-Mb region between markers D17S1326 and D17S1860 by 
Balemans et al.  (  2001  )  and to an ~3-Mb region between markers D17S1787 and 
D17S930 by Brunkow et al.  (  2001  )  (Fig.  4.2a ). Through random shotgun sequenc-
ing and mapping to bacterial arti fi cial chromosome (BAC) clones across the 
D17S1787/D17S930 interval, Brunkow et al. predicted the presence of ~170 genes 
within the 3-Mb region, ~100 of which were not previously known. Using PCR 
ampli fi cation of ~1,000 predicted exons in search of sclerosteosis-speci fi c muta-
tions, they compared DNA sequences from an affected individual, an obligate 
carrier, and an unrelated, unaffected control. A polymorphism in a novel gene later 
designated as  SOST  or sclerostin displayed 100% concordance with the sclerosteo-
sis chromosome when 29 affected individuals, 33 obligate carriers, and 24 unaf-
fected siblings were analyzed, strongly suggesting that  SOST  is the likely determinant 
gene (Brunkow et al.  2001  ) . Several causative mutations were subsequently 
identi fi ed: A single base substitution (Fig.  4.2b ; mut1; C69T) located 69 base pairs 
(bp) downstream of the predicted translation initiation site was founded in affected 
Afrikaners; isolated Senegal patients displayed a homozygous splice site mutation 
(Fig.  4.2b ; mut2; IVS1 + 3 A → T); two substitutions within the intronic sequence 
were found in another affected Senegalese individual (Fig.  4.2b ; mut3); two non-
sense mutations in exon two were found in a Brazilian (Fig.  4.2b ; mut4; Trp124X) 
and an American family (Fig.  4.2b ; mut5; Arg126X). All sclerosteosis mutations 
identi fi ed to date result in premature termination of the  SOST  transcript (nonsense 
mutations) or fail to splice the second exon properly resulting in what are believed 
to be “null”  SOST  alleles. 

 Several VB patients were examined for sequence variation in the  SOST  gene. The 
entire 5-kb locus of  SOST  (including 1 kb upstream of the gene, the 3 ¢  and 5 ¢  UTRs, 
the two exons and the intron) was examined by Balemans et al. in three Dutch VB 
patients (Balemans et al.  2002  )  and by Brunkow et al. in 15 family members of a VB 
family in the Netherlands (Staehling-Hampton et al.  2002  ) , all not  fi nding any can-
didate  SOST  mutations. To date, no  SOST  mutations have ever been identi fi ed in any 
Van Buchem family member (Staehling-Hampton et al.  2002 ; Balemans et al.  2001, 
  1999 ; Brunkow et al.  2001  ) . However, what both groups identi fi ed was the presence 
of a homozygous noncoding deletion (Fig.  4.2c ) downstream of the  SOST  transcript 
(Staehling-Hampton et al.  2002 ; Balemans et al.  2002  ) . This discovery came about 
through the lack of ampli fi cation of genetic markers along the 1-Mb region of human 
chromosome 17q12–21 from the VB DNA samples (Fig.  4.2a ), while normal 
ampli fi cation was observed in healthy controls as well as from a human BAC clone 
(RP11–209M4). Using the BAC clone, it was reasonable to estimate the location of 
the two genes,  SOST  and  MEOX1  ~93 kb apart as well as to determine that the 
missing region in VB spanned ~52 kb (Fig.  4.2c ). Through an amplicon walking 
strategy, the endpoints of the deletion were identi fi ed and found to contain identical 
16-bp sequences representative of Alu repetitive sequences. The presence of 
homologous sequences  fl anking the Van Buchem deletion hinted that the possible 
mechanism that generated the deletion is through homologous recombination 
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(Staehling-Hampton et al.  2002 ; Balemans et al.  2002  )  (Fig.  4.2c ). All VB patients 
to date have been shown to be homozygous for this 52-kb noncoding deletion 
(approximate location on hg19 chr17:41796600–41744700).  

    4.3   Sclerostin Protein and Its Expression Pattern 

 The  SOST  gene includes two exons that encompass a 639-bp coding sequence in 
addition to 47-bp 5 ¢  and a 1,615-bp 3 ¢  UTR. Amino acid sequence analysis of  SOST  
identi fi ed a putative secretion signal and two N-glycosylation sites similar to 
secreted proteins. Comparisons to other known protein domains revealed weak but 
signi fi cant  SOST  similarity to gastric mucin, the beta subunit of luteinizing hor-
mone, DAN and PRDC ( P rotein  R elated to  D an and  C erberus) corresponding to a 
cysteine-rich region between  SOST  residues 80–167 (Brunkow et al.  2001  ) . Further 
analysis of this domain concluded that sclerostin likely belongs to a family of 
secreted proteins that contain this structural cysteine knot motif and include the 
TGF- b  superfamily, the Norrie disease protein (NDP), the mucins, and the von 
Willebrand factor and that it is most closely related to DAN, cerberus, gremlin, 
PRDC, and caronte proteins. 

  SOST  expression in adult human samples was found to be in whole long bones, 
cartilage, kidney, and liver. In embryonic/fetal human samples,  SOST  was detected 
in the placenta, fetal skin, aorta, and fetal kidney. Semiquantitative reverse tran-
scriptase PCR (rtPCR) of mouse tissues detected signi fi cant  SOST  levels in whole 
fetus, liver, heart, kidney, brain, thymus, and whole long bone (Brunkow et al. 
 2001  ) . Despite the fact that  SOST  has been detected in non-bone tissues, the last 
decade of research has primarily focused on  SOST  bone expression and its function 
in the skeleton. Within bone,  SOST  is robustly expressed in osteocytes (Fig.  4.2d ) of 
the cortical and endochondral bone (Winkler et al.  2003  ) .  

    4.4   Characterizing the Van Buchem Deletion Region 

 The discovery of the VB deletion prompted several hypotheses in regards to the 
underlying genetic causes of the disease: VB is caused by the disruption of a novel 
(non- SOST ) gene or the VB deletion dysregulates the transcription of  SOST  or other 
nearby gene. Extensive computational and molecular characterization of the com-
plete 93-kb  SOST-MEOX1  intergenic region through gene prediction, exon trap-
ping, Northern blot analysis, cDNA library screening, and rtPCR approaches were 
all unsuccessful at identifying a novel causative gene. In general, most of the short 
expressed sequences within this region represented nonspeci fi c, low   -abundance 
repetitive elements, and no experimental approach was able to authenticate the 
predicted transcripts as bona  fi de novel protein encoding transcripts (Staehling-
Hampton et al.  2002 ; Balemans et al.  2002  ) . 
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 The shared clinical similarities between VB and sclerosteosis along with their 
strong genetic linkage to the same locus on chromosome 17q12–21, now accompa-
nied by the lack of evidence that another transcript within the VB region may cause 
the disease, further strengthened the alternative hypothesis that the two hyperos-
toses are allelic. Loots et al. proposed that the deletion in VB patients removes an 
enhancer element essential for directing the expression of human  SOST  in the adult 
skeleton (Loots et al.  2005  ) . To characterize the transcriptional regulation of  SOST , 
they proceeded to characterize the expression of human  SOST  in transgenic mice 
carrying either a normal (SOST  wt  ) or a VB allele (SOST  VB D   ) (Fig.  4.2c ). They were 
able to show that only the SOST  wt   allele faithfully expressed human  SOST  in the 
adult bone and impacted bone metabolism, consistent with the model that the VB 
deletion (VB D ) removes a  SOST -speci fi c regulatory element. 

    4.4.1   Molecular and Phenotypic Characterization 
of Van Buchem Transgenic Mouse Models 

 An ~158-kb human BAC (RP11-209M4) (SOST  wt  ), encompassing the 3 ¢  end of the 
 DUSP3  gene,  SOST, MEOX1,  and the ~93-kb noncoding intergenic interval sepa-
rating  SOST  from its neighbor, was engineered using homologous recombination in 
bacteria (Lee et al.  2001  )  to delete the 52-kb region missing in VB patients and to 
create a construct that resembles the allele present in VB patients (SOST  VB D   ) 
(Fig.  4.2c ). Transgenic mice were generated using these two BACs (SOST  wt   and 
SOST  VB D   ), and the  SOST  expression from the human BAC was compared to the 
endogenous mouse  SOST  and the reported human  SOST  expression (Balemans 
et al.  2001 ; Brunkow et al.  2001  ) . SOST  wt   transgenic animals reliably expressed 
human  SOST  in the mineralized bone of neonatal and adult mice (skull, rib, and 
femur), while SOST  VB D    mice had dramatically reduced levels of human  SOST  
mRNA expression, as determined by rtPCR and qPCR .  These results demonstrated 
that in vivo, the VB allele confers dramatically reduced  SOST  expression in the 
adult bone strengthening the argument that the VB D  region contains an essential 
 SOST -speci fi c regulatory element or elements required for  SOST  bone expression 
(Loots et al.  2005  ) . 

 Consistent with the differential  SOST  expression observed between SOST  wt   and 
SOST  VB D    mice in the adult skeleton, SOST  wt   transgenic animals developed osteope-
nia due to decreased bone mineral density (BMD) in the appendicular and axial 
skeleton. Micro-computed tomography (μCT) analysis of three-dimensional cancel-
lous bone structures revealed that the mice had decreased bone volume, trabecular 
number, thickness, and increased trabecular separation (Loots et al.  2005  ) . In 
contrast, the bone parameters of SOST  VB D    transgenics were indistinguishable from 
non-transgenic, age-matched littermate controls. 

 It was also determined that the observed osteopenia was gene dose dependent. 
SOST  wt   transgenic mice bred to homozygosity revealed a further dramatic decrease 
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in tibial cancellous bone volume. The bone formation rates at skeletal maturity were 
also much lower, as re fl ected by a signi fi cant decrease in  fl uorochrome marker 
uptake into the mineralizing bone, both in cancellous and cortical bone in the appen-
dicular and the axial skeleton (Loots et al.  2005  ) . In contrast to SOST  wt   transgenics, 
SOST  VB D    animals bred to homozygosity and continued to maintain bone parameters 
indistinguishable from wild-type controls. These data demonstrated that overex-
pression of human  SOST  under the control of its own proximal promoter elements, 
in concert with the downstream VB region, negatively modulates adult bone mass. 
In contrast, bone mass was unaffected in transgenic animals lacking the 52-kb VB 
region consistent with the model that Van Buchem disease is caused by the removal 
of a  SOST -speci fi c regulatory element required for  SOST  skeletal expression (Loots 
et al.  2005  ) .  

    4.4.2   Comparative Sequence Analysis of VB Region 
and Enhancer Assays 

 It has previously been shown that transcriptional regulatory sequences tend to be 
highly conserved across species and was therefore suggested that comparative 
sequence analysis can be employed as an effective strategy for prioritizing candi-
date regulatory elements (Loots et al.  2000  ) . When the ~140-kb human  SOST  region 
was aligned to the corresponding orthologous mouse region from chromosome 11, 
seven evolutionarily conserved regions (ECR2–8; ECR1 was immediately disre-
garded because it overlapped with a repetitive element) were identi fi ed within the 
VB D  genomic interval (conservation criteria  ³ 80% identify for at least 200bp). 
Testing of ECR2–8 for their ability to stimulate a heterologous (SV40) as well as 
the endogenous human  SOST  promoter in osteoblastic (UMR-106) and kidney 
(293)-derived cell lines highlighted one conserved element, ECR5 (Fig.  4.3a ), as 
the candidate  SOST -speci fi c enhancer responsible for dictating the osteoblastic 
lineage-speci fi c  SOST  transcription. Consistently, this element boosted transcrip-
tion in vitro ~3–4-fold above the background level of the endogenous or heterolo-
gous promoter only in the osteoblastic UMR-106 cell line (Loots et al.  2005  ) .  

 This element has also been tested for enhancer activity in vivo, in transgenic 
mice. Initially, the ECR5- hsp68-LacZ  transgene was examined in E14.5 mouse 
embryos using transient transgenic mice (Nobrega et al.  2003  ) .  LacZ  expression 
was detected in the cartilage of the ribs, vertebrae, and skull plates, and the expres-
sion was identical in all positive transgenic embryos obtained from two independent 
injections (Loots et al.  2005  ) . Two additional transgenic constructs were also tested 
in mouse transgenic lines. One construct included a larger 2-kb ECR5 fragment in 
combination with the beta-globin promoter driving the  LacZ  reporter (Fig.  4.3b ). 
A second transgenic construct included three copies of the most conserved 255-bp 
region of ECR5 in combination with the human  SOST  promoter driving a green 
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 fl uorescent protein (GFP) (Fig.  4.3c ). Both these constructs expressed the reporter 
gene in the neonate and adult mouse skeleton (Fig.  4.3b ), and the expression was 
primarily in osteoblasts and osteocytes of the calvarium and long bones, consistent 
with the endogenous mouse  SOST  expression (Fig.  4.3c ).  

  Fig. 4.3     ECR5 activates transgenic expression in the mouse skeleton and is controlled by PTH 
and Mef2 transcription factors.  Using comparative sequence analysis, several conserved elements 
present in the VB deletion region ( a ) were initially tested in vitro using transient transgenic trans-
fections in UMR 106 cells. ECR5 consistently enhanced expression ~3–4-fold. A 2-kb ECR5 
(ECR5L) fragment was suf fi cient to drive  LacZ  reporter expression in the mouse skeleton from the 
 b -globin promoter ( b ). The tissue-speci fi c expression was reproduced when three copies of a 
shorter, 255-bp ECR5 fragment (ECR5s) was used in combination with the 2-kb human  SOST  
promoter and GFP ( c ). Comparing the  ECR5-LacZ ,  3XECR5s-GFP  with the  LacZ  knocked into 
the mouse  SOST  locus showed expression in osteocytes in all three samples ( c ). UMR-106 cells 
transfected with reporter plasmids with or without ECR5 [2-kb  SOST  proximal promoter ( left ) or 
SV40 promoter ( right ) constructs] were treated with 100-nM PTH (1–34) (  fi lled bars ) or solvent 
control ( open bars ) 8 h post-transfection, and luciferase activity was measured 16 h posttreatment ( d ). 
Constructs depicted in ( e ) were tested for transcriptional activation of luciferase reporter in UMR-
106 cells. Percent luciferase activity was described relative to the level of luciferase activity 
obtained with a wild-type construct of ECR5 (p5). The two protein-binding regions  A  and  B  
identi fi ed by footprint analysis are highlighted in  gray  ( e ) (Leupin et al.  2007  ) . Data in  d – e  repre-
sents the mean and standard deviations from  fi ve independent experiments       
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    4.4.3   Regulation of ECR5 by Parathyroid Hormone (PTH) 
and Mef2 Transcription Factors 

 Intermittent parathyroid hormone (PTH) treatment has an anabolic effect on bone, 
and daily injections of PTH are currently used clinically for the treatment of osteo-
porosis (Kraenzlin and Meier  2011  ) . Since a decrease in  SOST  expression increases 
bone formation, it was critical to determine if the anabolic effect of PTH is mediated 
by  SOST . Keller and Kneissel were able to show that PTH suppresses  SOST  expres-
sion in vitro, in UMR-106 cells, and that PTH directly regulates the transcript levels 
of  SOST , in mouse and rat bones (Keller and Kneissel  2005  ) .  SOST  expression has 
been examined in several osteoblast-like cell lines, and it was discovered that rat 
UMR-106 osteoblast-like cells express high levels of  SOST  comparable to those 
found in vivo, in bone (Keller and Kneissel  2005  ) . Therefore, most in vitro research 
on  SOST  transcriptional regulation has been carried out in this cell line (Loots et al. 
 2005 ; Leupin et al.  2007  ) . 

 To determine whether PTH regulates  SOST  expression through the distal bone 
enhancer element ECR5 or through the  SOST  proximal promoter, the PTH effects 
on luciferase reporter constructs containing ECR5 upstream of the 2-kb human 
 SOST  proximal promoter or upstream of the  SV40  heterologous promoter were 
tested in UMR-106 transient transfections. It was found that the ~3–4-fold activity 
that ECR5 normally exerts on these promoters is completely suppressed by PTH 
treatment (Fig.  4.3d ). Thus, it was concluded that the  SOST  bone enhancer activity 
is negatively regulated by PTH, independent of the endogenous  SOST  promoter. To 
identify functional elements within the 255-bp enhancer sequence, a DNase I foot-
printing experiment was performed to localize DNA regions likely to physically 
interact with transcription factors. Two regions were identi fi ed by this approach, 
designated as region A and region B (Fig.  4.3e ; gray shading). The  fi rst region 
extended approximately from nucleotides 106–146, and the second region 
extended from nucleotides 169–192 (ECR5 approximate location in hg19: chr17:
41773918–41774104) (Leupin et al.  2007  ) . 

 Next, deletion analyses were carried out to determine whether either one of these 
regions were functionally important for transcription activation mediated by ECR5. 
A truncated ECR5 fragment comprising only the two footprint regions A and B 
from base pairs 103–193 (p5-AB) was suf fi cient to recapitulate most of ECR5 
enhancer activity in UMR-106 cells, whereas deleting both these regions resulted 
in a complete loss of enhancer activity (p5- D AB). Transcription factor binding site 
(TFBS) analysis of the two footprint regions predicted two putative TFBS in region 
A: sites A1 and A2. Deleting putative TFBS A1 boosted the enhancer activity 
~2-fold above the full-length enhancement of ECR5, whereas deleting putative 
TFBS A2 inactivated ECR5 (Fig.  4.3e ) (Leupin et al.  2007  ) . These data showed that 
ECR5 harbors a putative repressor (A1) and two putative activator elements (A2 and B). 
The A2 sequence matched the consensus binding site for myocyte enhancer factor 
2 (MEF2) regulatory proteins; therefore, it was hypothesized that one or more 
members of the MEF2 family of transcription factors is the likely upstream 
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regulatory protein controlling ECR5-mediated  SOST  transcription, in the skeleton 
(Leupin et al.  2007  ) . 

 MEF2 transcription factors were not intuitive candidate regulatory proteins for 
controlling transcription in bone, since traditionally  Mef2  genes have been primarily 
linked to muscle phenotypes (Wang et al.  2001 ; Potthoff et al.  2007 ; Lin et al.  1998  ) , 
and none of the four  Mef2  genes encoded by  Mef2A ,  B ,  C , and  D  were previously 
shown to be expressed in bone. Quantitative mRNA expression analysis of rat corti-
cal bone and UMR-106 cells showed strong expression of  Mef2s  comparable to the 
two known  Mef2  target tissues, heart and brain. In femur and UMR-106 cells,  Mef2C  
showed the highest expression level among the four different  Mef2  genes, followed 
by  Mef2A  and  Mef2D  with about one half as much; no signi fi cant expression of 
 Mef2B  was detected (Leupin et al.  2007 ; Arnold et al.  2007  ) . 

 To determine the functional impact of  Mef2  transcription factors on ECR5, 
Leupin et al. co-transfected human  Mef2C  with various ECR5 constructs and 
observed a ~300% increase in transcription, independent of the human  SOST  
promoter (Leupin et al.  2007  ) . In parallel, they tested a dominant-negative MEF2 
construct and observed a 55% reduction in ECR5 transgenic activity. They also 
examined the potential contribution of individual members of the  Mef2  gene family 
using RNA interference. Through transfections of speci fi c siRNA directed against 
all members of the  Mef2  family, they determined that downregulation of  Mef2A ,  C , 
and  D  expression leads to a decrease in  SOST  expression by 65%, 59%, and 84%, 
respectively;  Mef2B  inhibition had no signi fi cant effect. To assess functional redun-
dancy among  Mef2  transcription factors, they also examined the synergistic effects 
of  Mef2A ,  C , and  D  and noted that downregulation of  Mef2C  and  D  resulted in the 
most dramatic reduction in  SOST  expression (Leupin et al.  2007  ) . 

 The  fi ndings by Leupin et al. highlight a new role for  Mef2  transcription factors 
in controlling the transcription of the bone formation inhibitor  SOST  in osteocytes 
and thereby potentially regulating adult bone mass (Leupin et al.  2007 ). While these 
 fi ndings will have to be con fi rmed in vivo, in animal models, it is likely that deleting 
one or more  Mef2  transcription factors, in the bone, would phenocopy Van Buchem 
disease. It is also likely that downregulating  SOST  or  Mef2  transcription factors 
could potentially represent novel therapeutic venues for stimulating bone formation 
in patients affected by severe bone loss.   

    4.5   Animal Models of Sclerosteosis and Van Buchem Disease 

    4.5.1   Targeted Deletion of SOST Causes High Bone Mass 

 Li et al. used a knockout (KO) targeting vector to replace 80% of the coding region 
of mouse  Sost , including exons 1–2, and the intron by a neomycin resistance gene 
cassette (Li et al.  2008  ) . The generated allele was con fi rmed to be a null since 
no  Sost  transcripts were detected by Northern blot analysis of RNA isolated 
from adult mouse bones. Physically, the knockout mice were indistinguishable from 
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littermate wild-type (WT) control mice, lacking observable digit abnormalities or 
facial distortion/paralysis. Li et al. also noted no elevated mortality in the KO mice 
compared with WT controls observed up to 10 months of age and older. These 
observations were in contrast to the clinical characteristics of sclerosteosis patients, 
where a high incidence of syndactyly, facial distortion/palsy, and early death (mid-
30s caused by elevated intracranial pressure) has been documented (Li et al.  2008  ) . 
While no digit defects were originally documented by Li et al., 2/3 digit syndactyly, 
nail dysplasia, and radial deviation have since been observed in homozygous KO 
mice, at very low frequency (Loots GG unpublished results). 

 These homozygous KO mice did however display increased radiodensity, indica-
tive of high bone mineral density (BMD) throughout the skeleton (skull, axial skel-
eton, ribs, pelvis, long bones) and increased bone volume in vertebrae, long bone, 
and calvaria as determined qualitatively by histology (Li et al.  2008  ) . Similar to the 
human characteristics, the skeletal morphology of the KO mice appeared to be nor-
mal but with abnormally high bone mass. Gender and heterozygosity were also 
examined, and it was determined that heterozygous animals were indistinguishable 
from wild-type littermate controls and that there were no signi fi cant differences in 
BMD between age-matched males and females (examined at 4–6.5 months of age) 
(Li et al.  2008  ) . 

 In  Sost  homozygous KO mice, the areal BMD was increased by 62% for lumbar 
vertebrae and by 55% for whole leg compared with wild-type littermate control 
mice. High-resolution computed tomography ( m CT) analysis of the metaphyseal 
region of the distal femur showed increased trabecular bone for KO mice compared 
with wild-type control mice. Both the volumetric BMD (+146% in males, +224% in 
females) and the bone volume fraction (+149% in males, +281% in females) were 
signi fi cantly increased in KO mice. The cortical thickness was also increased with 
a reciprocal decrease in the bone marrow cavity area of KO mice compared with 
sex-matched wild-type control mice. The periosteal perimeter in the KO mice was 
also signi fi cantly increased (+15% in males, +22% in females) as was cortical area 
(+93% in males, +117% in females). Dynamic histomorphometric analysis of trabe-
cular and cortical bone performed by Li et al. con fi rmed that the HBM phenotype is 
mediated by an increase in bone formation rates and hence sclerostin functions pri-
marily to antagonize an important bone formation pathway (Li et al.  2008  ) . 

 One other important criterion that is critical for the future clinical evaluation of 
anti-osteoporosis treatments is whether the quality of the newly formed bone is 
suf fi cient to sustain loads associated with the normal function of the skeleton. 
Li et al. subjected  Sost  homozygous KOs to compression testing of lumbar verte-
brae and determined that KO mice had signi fi cantly higher values for maximum 
load (+243% in males and +188% in females), stiffness (+93% in males), and energy 
to failure (+415% in males and +556% in females) compared with sex-matched 
wild-type controls. They also conducted three-point bend testing of femoral diaphy-
ses and determined that the  SOST  KO mice had signi fi cantly higher values for maxi-
mum load (+132% in males and +154% in females), stiffness (+87% in males 
and +119% in females), and energy to failure (+83% in males and +198% in females) 
compared with sex-matched WT controls (Li et al.  2008  ) . 
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 This impressive increase in bone density and strength combined with the 
observation that sclerosteosis patients have never been reported to suffer bone frac-
tures, even in accidents in which substantial physical trauma occurred (Hamersma 
et al.  2003  ) , positions sclerostin as an ideal pharmacological target which should be 
further exploited for the development of anabolic agents that could potentially treat 
disorders of bone loss.  

    4.5.2   Targeted Deletion of ECR5 Causes High Bone Mass 

 Recent work from our laboratory has shown that a targeted deletion of ECR5 in 
mice, results in osteoblast-/osteocyte-speci fi c downregulation of  Sost  and subse-
quent high bone mass phenotype. The bone mass, bone architecture, and histomor-
phometric analysis of these ECR5 KO mice are consistent with phenotypes that are 
milder, but highly similar to those documented for  Sost  knockout mice, suggesting 
that removing the ECR5 regulatory element causes phenotypes similar to Van 
Buchem disease. Furthermore, the authors presented preliminary in vivo evidence 
that the  Mef2C  transcription factor is required for ECR5-dependent  Sost  transcrip-
tion, where osteoblast- and osteocyte-speci fi c ablation of  Mef2C  in conditional 
knockout mice results in ECR5 dependent loss of  SOST  transcription (Loots GG, 
unpublished results). These results are highly suggestive that a small, 255-bp, long-
range transcriptional regulatory element is an important modulator of  SOST  tran-
scription in bone and its removal is suf fi cient to inactivate  SOST  transcription and 
cause Van Buchem disease phenotypes.   

    4.6   Concluding Remarks 

 Sclerosing bone dysplasias are rare genetic disorders in which excessive bone 
 formation occurs due to defects in bone remodeling (Van Hul et al.  2001  ) . Identifying 
the responsible genes, their regulation, and mechanisms of action will provide 
 useful insights into bone physiology and potentially bene fi t the treatment of these 
disorders, as well as facilitate the development of therapies for replenishing bone 
loss in osteoporosis. Genetic studies of Van Buchem disease in animal models has 
demonstrated that removing a distant  SOST -speci fi c regulatory element, termed 
ECR5, causes high bone mass, suggesting that Van Buchem disease is caused by a 
homozygous hypomorphic allele of the sclerosteosis disease-causing gene,  SOST . 

 These  fi ndings provide evidence that noncoding regions can be critical to gener-
ating disease-causing alleles. In the case of VB disease, the removal of a distant 
regulatory element affects the transcription levels of  SOST  in a tissue-speci fi c manner 
and modulates bone mineral density in humans and rodents. An important question 
remains whether variation in BMD in the general population could also be directly 
impacted by sequence variants in key noncoding regions of the VB deletion, or 
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other genetic loci that contribute to bone metabolism. In fact, a recent study inves-
tigating the association between common polymorphisms in the  SOST  gene region 
with BMD in elderly Caucasians identi fi ed a polymorphic variant (SRP9) from the 
VB deletion region that is highly associated with increased BMD, in men 
(Uitterlinden et al.  2004  ) . Whereas this SRP9 does not map to any human-mouse 
conserved region in the VB deletion, an important question for future studies is 
whether this SNP is in linkage disequilibrium with ECR5 or if additional functional 
SNPs could be identi fi ed in this or other  SOST -speci fi c regulatory elements. 

 The genetic factors that contribute to susceptibility to bone loss are extremely 
heterogeneous. Therefore, murine models that affect bone development and growth 
can provide invaluable insights into the molecular mechanisms of progressive bone 
loss in humans. Human genetic diseases of the skeleton such as sclerosteosis and 
Van Buchem disease provide a starting point for understanding the modulation of 
anabolic bone formation and ultimately have the potential to identify key molecular 
components that can be used as new therapeutic agents to treat individuals suffering 
from bone loss disorders. The genomic era has changed the landscape for disease-
causing candidate regions, expanding it to include putative transcriptional regula-
tory elements. Comparative sequence analysis and techniques such as ChIP-seq can 
now be employed to prioritize candidate regions and to enhance the discovery of 
noncoding disease-causing mutations in discrete enhancer elements or in large non-
coding deletions. While Van Buchem disease may represent a relatively unambigu-
ous case where altering noncoding genomic content deleteriously impacts gene 
expression and causes a congenital disorder, demonstrating that mutations in distant 
regulatory elements contribute to inborn errors or susceptibility to disease will 
continue to remain a great challenge in human genetics.      

 Abbreviations  

  BAC    Bacterial arti fi cial chromosome   
  BMD    Bone mineral density   
  bp    Base pair   
  chr    Chromosome   
  cm    Centimeter   
  cM    Centimorgan   
  ECR    Evolutionary conserved region   
  GFP    Green  fl uorescent protein   
  HBM    High bone mass   
  Hsp68    Heat shock protein 68   
  Kb    Kilobase   
  KO    Knockout   
  lacZ    Beta-galactosidase   
  lb    Pound   
  LOD    Logarithm (base 10) of odds   
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  Abstract   Congenital limb malformations are the second most common class of 
human birth defects and can be caused both by environmental and genetic factors. 
While it is known that some limb malformations are the result of coding mutations 
that disrupt genes, identifying the causal mutation in a patient with an isolated limb 
malformation is often dif fi cult. This may be due in part to the growing number of 
cases with isolated limb malformations that are shown to be the result of nucleotide 
changes in gene regulatory elements. These regulatory mutations affect gene expres-
sion in the developing limb and can cause dramatic changes to patterning, leading 
to congenital limb malformations. In this chapter, we will review characterized gene 
regulatory mutations leading to human limb malformations and also provide 
evidence that additional limb enhancers could be the cause of other human limb 
malformations.  

  Keywords   Limb  •   Sonic hedgehog   •  ZPA  •  ZRS  •   BMP2   •   SOX9   •  Polydactyly  
•  Brachydactyly  

         5.1   Human Limb Malformations 

 Human congenital limb malformations occur in as many as 1 in 500 births and, col-
lectively, represent the second most common form of congenital defect (Moore and 
Persaud  1998  ) . These malformations display a wide range of severities from small 
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changes to digit morphology that do not impair function to more detrimental 
malformations such as digit fusion or limb truncations that cause severe functional 
impairment. In some cases, surgery is necessary to restore or improve function. 
Some types of limb malformations are caused by environmental factors such as 
exposure to teratogens or by physical constraints like amniotic bands and vascular 
disruptions in developing embryos, but there can also be genetic causes. The genetic 
etiology of congenital limb malformations is important to understand for purposes 
of genetic counseling. Discovering the various genetic mechanisms that cause 
human limb malformations also provides insight to genes and pathways that are 
important for tetrapod limb development. 

 While human limb malformations have been studied since the early nineteenth 
century (Farabee  1903  ) , the identi fi cation of causal mutations is dif fi cult. Though 
gene mutations have been shown to be the cause of some limb malformations, these 
are often in the context of a syndrome with phenotypes that affect other tissues and 
organs (Schwabe and Mundlos  2004  ) . The genetic causes of isolated limb malfor-
mations – those that occur in a patient who has no other tissues or organs affected 
– have proven more dif fi cult to discover. This may be because some of the muta-
tions that cause congenital limb malformations are in regulatory DNA regions that 
affect the expression of genes important in limb development.  

    5.2    Cis -regulatory Enhancers and Gene Regulation 

 With the initial analysis of the complete human genome sequence, it quickly became 
apparent that the human genome contains fewer protein-coding genes than origi-
nally expected. This relatively small number of genes reinforced the idea that many 
genes serve multiple functions, a fact that is especially evident in genes with roles 
in tissue patterning and embryonic development. The regulation of these genes is 
very important in order for these roles to be executed at the proper time, place, and 
expression levels. It appears that some of the regulation for many developmental 
genes occurs through the actions of  cis -regulatory elements – sequences of noncod-
ing DNA that control the expression of nearby genes. There are multiple types of 
 cis -regulatory elements that can affect gene expression, explored in more detail in 
Chap. 1 of this book, entitled “Gene Regulatory Elements.” 

    5.2.1   Identifying and Studying Enhancers 

 Enhancers are  cis -regulatory elements that upregulate gene expression. Enhancers 
are frequently active in only a limited tissue type, even when the gene regulated by 
the enhancer is expressed in multiple tissues (Visel et al.  2009a  ) . The expression of 
a gene in multiple tissues is controlled by multiple enhancers, each with its own 
pattern of activity, where the gene expression pattern is the sum of the enhancers’ 
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activity patterns. Enhancers are not located at  fi xed positions relative to the genes 
that they regulate. They can be 3¢ or 5¢ of the gene and have been found up to 1 
megabase away from the gene promoter. Enhancers can be found in intergenic DNA 
or within introns of the regulated gene or unrelated genes. They are thought to func-
tion through the recruitment of transcription factors (TFs) and subsequent physical 
interactions with the gene promoter. 

 Because enhancers can be located at great distances relative to the genes that 
they regulate, it can be dif fi cult to identify them. Traditionally, comparative genom-
ics has been used to identify enhancers. A high degree of conservation can imply 
that a sequence is functional, and it is thought that many noncoding conserved 
regions may have  cis -regulatory roles (Dermitzakis et al.  2005 ; Pennacchio et al. 
 2006  ) . Other tactics for identifying enhancers are based on the epigenetic changes 
that are located at regulatory sequences. Chromatin immunoprecipitation (ChIP) 
technologies can identify regions of the genome that are enriched for these epige-
netic marks or regions that are bound by proteins that are related to enhancer func-
tion (Visel et al.  2009b  ) . These approaches and speci fi c proteins and epigenetic 
enhancer signatures are explored further in Chap. 1. 

 The gold standard experiment for establishing enhancer function of a particular 
sequence is based on a simple premise. The potential enhancer sequence is placed 
in a vector with a minimal promoter and a reporter gene. The minimal promoter is 
not suf fi cient to express the reporter gene without the presence of an active enhancer. 
This construct can be tested in in vivo or in vitro models, but the most commonly 
used assay system in the context of limb development uses a  LacZ  reporter and is 
tested in mouse embryos. In this system,  LacZ  is expressed only in the tissues of the 
embryo where the enhancer is active. Mutations in enhancer sequence can produce 
patterns of  LacZ  expression that are different from the pattern driven by the normal 
enhancer, similar to what might happen to the gene normally regulated by the 
enhancer. The primary drawback to this system is that the expression patterns are 
qualitative and can only show changes to the expression domains rather than more 
subtle changes to the degree of expression because of varying numbers of enhancer 
construct integrations per mouse.  

    5.2.2   Modular Enhancers and Human Disease 

 Many developmental genes play key roles in multiple tissues and at different devel-
opmental stages. A coding mutation in one of these genes would cause a syndromic 
phenotype that consists of the sum of the effects to these different tissues and stages. 
On the other hand, a mutation in a  cis -regulatory element that controls one aspect of 
the gene’s expression would only cause a phenotype due to the change to the particu-
lar tissue where the  cis -regulatory element is active. This model implies that malfor-
mations which occur in both syndromic and isolated forms could represent the 
results of mutations in coding genes and in the  cis -regulatory elements that control 
these genes, respectively. Human limb malformations occur in both syndromic and 
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isolated forms, making this class of malformation an informative  fi eld for studying 
the effect of  cis -regulatory mutations on development. In order to study the effect of 
these mutations, we can use the rich knowledge of tetrapod limb development. Many 
years of research on limb development have led to detailed characterization of gene 
expression patterns and phenotypes that result from changes to gene expression.   

    5.3   Limb Development: Tissue Patterning Along Three Axes 

 Many limb malformations can arise from changes in patterning that occur in the 
early stages of limb development. Normal limb development requires the coor-
dinated establishment of the anterior-posterior (AP), proximal-distal (PD), and 
dorsal-ventral (DV) axes (Fig.  5.1b ). Through classical developmental biology 
studies on developing mouse and chicken limbs, a lot is known about the genes that 
control these axes and the networks through which they interact.  

    5.3.1   Early Development and Axis Speci fi cation 

 The limb bud begins as a thickening of mesenchyme cells from the lateral plate 
mesoderm and somites at the  fl ank of the embryo. This bulge of cells is called the 
limb bud. Limb bud outgrowth begins with expression of  fi broblast growth factor 10 
( FGF10 ) in the lateral plate mesoderm which signals through Wnt proteins to induce 
 fi broblast growth factor 8 ( FGF8 ) in the ectoderm.  FGF8  in turn stimulates further 
expression of  FGF10  in the mesoderm, creating a feedback loop that causes prolif-
eration. This signaling also induces the overlying ectoderm cells to form a structure 
called the apical ectodermal ridge (AER; Fig.  5.1a ) at the edge of the limb bud. The 
AER becomes the primary signaling center that determines the outgrowth of the 
limb and has a role in establishing the PD axis. Signals from the AER sustain mitotic 
proliferation in the underlying cells, and if AER signaling is removed, physically or 
through genetic manipulations, further development of the distal limb ceases 
(Summerbell  1974  ) . 

 The AP axis is also controlled by a signaling center. A small region of mesoder-
mal cells at the posterior of the limb bud is required for determining the AP polarity 
of the limb, and this region is called the zone of polarizing activity (ZPA; Fig.  5.1a ). 
Many experiments have shown that the ZPA de fi nes the AP axis (Saunders and 
Gasseling  1968  )  and that it does so by expressing Sonic hedgehog ( SHH ). The SHH 
protein undergoes an autocatalytic cleavage to generate an active N-terminal frag-
ment that is covalently bound to cholesterol and acts as a morphogen to directly 
signal to other cells.  SHH  also acts indirectly through bone morphogenetic protein 
2 ( BMP2 ) and GLI family zinc  fi nger 3 ( GLI3 ) in establishing AP gradients and 
regulating digit identity. The expression of  SHH  de fi nes the posterior portion of the 
limb, and grafting a secondary ZPA or an alternative source of SHH signal on the 
anterior side of a chick limb bud causes the development of supernumerary preaxial 
digits that develop as a mirror image to the normal digits (Riddle et al.  1993  ) . 
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 Cross talk between the ZPA and AER coordinates limb growth.  SHH  from the 
ZPA induces gremlin 1 ( GREM1 ), which in turn induces  fi broblast growth factor 4 
( FGF4 ) in the posterior AER, a gene that is required for the maintenance of the 
ZPA. These interactions control the growth and patterning of the limb and illustrate 
how interference with these pathways could affect development on multiple axes.  

    5.3.2   Limb Structures and Development 

 The mature tetrapod limb is divided into three parts from proximal to distal: the sty-
lopod, zeugopod, and autopod (Fig.  5.1b ). After the three axes have been established 
in the limb bud, the next phase of limb development consists of the development of 
the components of the limb such as the muscles, tendons, skeleton, and nerves. The 
skeletal elements of the limb form through chondrogenic differentiation where some 
cells of the limb bud turn into chondrocytes and begin to produce cartilage. This 
process involves the bone morphogenic protein (BMP) pathway as well as signals 
from HOX and SOX family transcription factors. Mesenchymal condensations form 
in the distal limb bud and eventually develop into the bones of the autopod. 

 Studies from classical embryology show that disruption of genes expressed by the 
ZPA and AER can cause changes in limb morphology and that disruption of signals 
at later time points can cause problems with bone development. Given our under-
standing of the basic roles of these signaling centers in normal limb development, 
it is clear that disruption of the primary patterning of limb axes can cause limb 

  Fig. 5.1     Limb development and signaling centers.  ( a ) The mouse limb bud at embryonic day 11.5 
shows the two major signaling centers, the zone of polarizing activity ( ZPA, in yellow ), and the 
apical ectodermal ridge ( AER, in green ). ( b ) Signals from these two regions control the three axes 
of the limb: anterior-posterior ( AP ), proximal-distal ( PD ), and dorsal-ventral ( DV ) and determine 
proper limb patterning. The axes and their relationship to the limb are shown with labels on the 
three main limb regions       
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malformations. Because many of the genes involved in these pathways are regulated 
by  cis -regulatory enhancers, mutations that affect these enhancers could change gene 
expression patterns and lead to problems in development that result in congenital 
limb malformations. This has been shown to be the case with mutations that change 
enhancers that control genes involved in early limb patterning and later morphologi-
cal changes like bone and cartilage development.   

    5.4   The ZRS Enhancer in Limb Development 

 One of the most studied developmental enhancers is the enhancer that controls the 
expression of  SHH  in the limb bud. Because this enhancer activates  SHH  in the 
posterior ZPA, it is known as the ZPA regulatory sequence (ZRS). This enhancer 
was discovered through a combination of mouse models and the study of human 
patients with preaxial polydactyly. 

 Developmental studies have shown that inducing ectopic  Shh  expression in the 
anterior side of the limb bud induces ectopic digits. There are multiple mouse models 
of preaxial polydactyly where the extra digits appear similar to what was seen in 
experiments where an ectopic ZPA was grafted to the anterior of a chick limb bud. 
Because these mouse models were generated or discovered by different screens, 
they have mutations in different genes, but many were found to have embryonic 
limb  Shh  expression that extended far beyond the normal posterior ZPA and, in 
some cases, was even considered a second “anterior ZPA” (Masuya et al.  1995 ; 
Chan et al.  1995 ; Blanc et al.  2002  ) . 

 Some of these mice were discovered to have defects in genes that function upstream 
of  Shh  and would normally restrict its expression to the posterior ZPA ( xt  mutant; Hui 
and Joyner  1998  )  ( lst  mutant; Qu et al.  1998  ) . Due to mutations in these genes,  Shh  
could now be expressed in anterior tissues. In other mice, the phenotype was mapped 
to the  Shh  locus, but no  Shh  coding mutations were found (Sharpe et al.  1999  ) , and 
the ectopic  Shh  expression indicates that the gene is functional. The Sasquatch mutant 
( ssq ) is an example where the insertion of a transgene caused preaxial polydactyly 
and the mutation was mapped to the  Shh  locus. This transgenic insertion created a 20 
kilobase (kb) duplication within intron 5 of the limb region 1 ( Lmbr1 ) gene, which is 
about 1 megabase away from  Shh  (Lettice et al.  2002  ) . The  ssq  mutant showed not only 
ectopic  Shh  expression but also expression of a similar pattern for the transgene in both 
the posterior ZPA and the anterior limb bud, suggesting that the transgene integrated 
into a region of the genome that is able to regulate the spatial expression of genes – 
that is to say, a region with a  cis -regulatory enhancer. 

    5.4.1   Identifying the ZRS 

 The homologous human region including  SHH  and  LMBR1  was also recognized 
to be important in limb patterning through studies of human patients with preaxial 
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polydactyly (PPD). PPD patients have an extra digit on the anterior (thumb) side 
of the hand or foot, or triphalangeal thumb (TPT), a thumb with a third bone that 
has the appearance of a second index  fi nger (Fig.  5.2 ). This phenotype is relatively 
common and can occur either as an isolated phenotype or as part of a syndrome 
with other associated phenotypes outside of the limb. Through linkage analysis, 
isolated PPD was mapped in several families to a region of approximately 500 kb 
on chromosome seven (Heus et al.  1999  ) . A patient with isolated PPD that had a 
 de novo  chromosomal translocation in this region led to the  fi ne mapping of the 
PPD locus to a region within intron 5 of the gene  LMBR1 , the same region dis-
rupted by the mouse  ssq  transgene insertion (Lettice et al.  2002  ) . This intron con-
tains a highly conserved sequence of about 800 base pairs (bp) that was found to 
have enhancer activity in the posterior limb bud, where it normally controls  SHH  
expression, and was called the ZRS. The ZRS has since been studied in many organ-
isms where it was shown to be required for normal  Shh  expression and limb devel-
opment (Sagai et al.  2005  )  and to harbor mutations that cause polydactyly in mice 
(Sagai et al.  2004 ; Masuya et al.  2007 ; Lettice et al.  2003  ) , chickens (Maas and 
Fallon  2004 ; Maas et al.  2011  ) , dogs (Park et al.  2008  ) , and cats (Lettice et al. 
 2008  ) . Other human ZRS mutations that have been identi fi ed since the 2003 study 
have been named based on the patients where they were identi fi ed as well as the 
ZRS site where they are located, in accordance with the numbering system 
assigned by Lettice et al.  (  2003  ) . Another conserved region next to the ZRS has 
also been identi fi ed as the proximal ZRS (pZRS) and has been found to be the site 
of mutations that cause polydactyly in dogs, extending the length of the regulatory 
region where polydactyly mutations can reside to nearly 2 kb (Park et al.  2008  ) .   

  Fig. 5.2     ZRS expression and preaxial polydactyly.  ( a ) The expression of a LacZ reporter gene, 
indicated in  blue , controlled by the normal ZRS enhancer is limited to the posterior mesenchyme 
that is the normal ZPA. ( b ) Mutations in the ZRS cause the reporter to be expressed more exten-
sively in the posterior and in an ectopic region in the anterior part of the limb bud. Mutations like 
this are thought to have the same impact on  SHH  expression, and the patterning defect causes 
preaxial polydactyly ( c ) (Reproduced with permission from Lettice et al.  2003  )        
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    5.4.2   Point Mutations Within the ZRS Region 

 Over a dozen single nucleotide mutations and one small (13 bp) insertion mutation 
within the ZRS have been shown to cause human limb malformations. These muta-
tions result in preaxial polydactyly (PPD) and triphalangeal thumb (TPT) with or 
without supernumerary digits. The phenotype can affect hands and or feet and can 
be unilateral or bilateral. The known human ZRS mutations are distributed through-
out a 700-bp region (see Table  5.1     for a list of human ZRS mutations) within the 
conserved ZRS. These mutations are thought to change the enhancer activity of 
the ZRS. Support for this comes from the observation that when some of these 
mutations were tested in a mouse enhancer assay, the LacZ reporter was shown to 
be expressed in the anterior of the limb bud (Fig.  5.2a, b ). These mutations do not 
all affect predicted transcription factor binding sites. In addition, the fact that ZRS-
related phenotypes differ between the various reported mutations is further evidence 
that particular mutations in the ZRS can affect the enhancer’s function in subtly 
different ways. Currently, it is not possible to predict phenotypic severity based on 
sequence alone.  

 The severity of the human phenotypes does appear to be related to the extent of 
 SHH  misexpression. While only a few ZRS mutations have been tested in mice for 
enhancer activity, some do show a correlation between a higher level of reporter gene 
expression – in the ectopic anterior region and/or the normal posterior region of the 
limb bud – and more severe human phenotypes. Two of the  fi rst reported mutations, 
referred to as Cuban (ZRS 404G > A) and Belgian1 (ZRS 305A > T), illustrate this 
correlation. The more severe Cuban patient phenotype includes polydactyly and tib-
ial malformations, and the reporter assay showed a very strong anterior and posterior 
expression pattern (Zguricas et al.  1999 ; Lettice et al.  2003,   2008  ) . The Belgian1 
mutation that causes PPD2 (OMIM#174500), an extra thumb anterior to a triphalan-
geal thumb with no abnormalities in the long bones of the arms, shows only weak 
anterior reporter expression in the reporter assay (Lettice et al.  2003,   2008  ) . 

 Most of the known ZRS mutations have complete penetrance within the affected 
family and are inherited in a dominant pattern. There is, however, one reported 
mutation that does not always cause polydactyly. The mutation at ZRS 295 
(295T > C) was  fi rst reported to be a neutral polymorphism because it was found in 
10–30% of unaffected samples (Lettice et al.  2003  ) . Later, this mutation was discov-
ered to be associated with TPT in multiple English families (Furniss et al.  2008  ) . 
Examination of this mutation in a mouse enhancer assay showed a weak anterior 
expression of the reporter, suggesting that this incompletely penetrant mutation 
might not always cause enough ectopic expression to lead to polydactyly (Furniss 
et al.  2008  ) . The factors that determine whether the 295T > C mutation causes a 
phenotype are not known, and no other low-penetrance ZRS mutations have been 
identi fi ed to date. 

 While most point mutations in the ZRS cause preaxial polydactyly that is limited 
to the autopod, one particular site in the enhancer is thought to be associated with 
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Werner mesomelic syndrome (OMIM # 188770), a limb phenotype that includes 
hypoplastic tibia in addition to triphalangeal thumb polydactyly. Unrelated patients 
with Werner mesomelic syndrome were found to all have different mutations at 
ZRS 404, leading to the thought that there might be something special about this site 
that causes the phenotype to extend beyond the hands and feet (Wieczorek et al. 
 2009  ) . Because the mechanisms that cause ZRS mutations to change gene expres-
sion are unknown, it is currently not possible to determine what makes this site 
different from the others identi fi ed throughout the ZRS.  

    5.4.3   ZRS Duplications and Complex Polysyndactyly 

 Human limb malformations have also been attributed to duplications that encom-
pass the ZRS and parts of the surrounding sequence. These duplications cause 
complex polysyndactyly phenotypes that entail fusion of soft tissue or bones of the 
autopod in addition to supernumerary digits including triphalangeal thumb polysyn-
dactyly (TPTPS) and syndactyly type IV (Sun et al.  2008  ) . Multiple ZRS duplica-
tions have been found in different families. These duplications do not have shared 
breakpoints, and there is no discernable relationship between the size of the duplica-
tion and the severity of the phenotype. The smallest shared region between the vari-
ous duplications is 47 kb and extends from intron 4 of  LBMR1  and continues into 
intron 5, ending past the 3¢ end of the ZRS. The human ZRS duplication phenotype 
is different than the mouse  ssq  phenotype which has a 20-kb duplication within 
intron 5 of  Lmbr1  that includes the ZRS (Sharpe et al.  1999  )  but shows only poly-
dactyly with no fusion of digits, suggesting either human–mouse phenotypic differ-
ences or that the duplicated sequence outside of the ZRS itself may have additional 
important limb regulatory elements.  

    5.4.4   ZRS and Acheiropodia 

 In addition to polydactyly and polysyndactyly, there is another human limb malfor-
mation phenotype that has been mapped to the region near the ZRS. Acheiropodia 
(OMIM #200500) is a severe limb malformation consisting of nearly complete trun-
cations of all limbs and aplasia of the hands and feet. Acheiropodia is a very rare 
malformation caused by a homozygous deletion of a nearly 6-kb region that removes 
exon 4 from mRNA transcripts of  LMBR1 , but the deletion does not appear to extend 
as far as the ZRS in intron 5 (Ianakiev et al.  2001  ) . A mouse model of a ZRS knock-
out has a similar limb phenotype but lacks only the ZRS and does not have disrup-
tions in  Lmbr1  intron 4 or exon 4 (Sagai et al.  2004  ) . So far, no additional 
 cis -regulatory elements have been identi fi ed in the acheiropodia deletion.  
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    5.4.5   Dif fi culties in Linking ZRS Mutations to Phenotypes 

 Animal models of ZRS mutations appear to be of little use in predicting the 
phenotype caused by speci fi c mutations. Human phenotypes from ZRS point muta-
tions predominantly affect the hands, while mouse models of ZRS mutations tend to 
have a stronger phenotype in the hind limbs (Knudsen and Kochhar  1982 ; Sharpe 
et al.  1999  ) . Furthermore, human patients homozygous for ZRS mutations show 
phenotypes no more severe than heterozygotes, unlike what has been seen in mice 
(Semerci et al.  2009  ) . It is clear that not all cases of human isolated preaxial 
polydactyly are caused by ZRS mutations. There are even numerous families with 
preaxial polydactyly that is genetically linked to the ZRS that appear to have no 
mutation or duplications in either the ZRS or in any portion of the acheiropodia 
deletion (Gurnett et al.  2007 ; Lettice et al.  2003 ; Li et al.  2009  ) . Whether other 
mechanisms are behind these patients’ malformations or there is yet another  SHH  
limb  cis -regulatory element in this locus remains to be seen.  

    5.4.6   ZRS Looping 

 The ZRS has been shown to physically interact with the promoter of  Shh  in mouse 
limb tissue through DNA looping bringing these two regions into contact (Amano 
et al.  2009  ) . While the exact looping mechanisms remain unclear, it appears to 
create speci fi c DNA interactions in a location that correlates with gene expression 
(Kagey et al.  2010  ) . This interaction occurs only in regions of the limb where  Shh  is 
“poised” for activation – the posterior ZPA and the anterior mesenchyme region 
where ectopic  Shh  is observed in polydactylous mouse lines (Amano et al.  2009  ) . 
In addition to this looping interaction, the same study showed that the looped  Shh –
ZRS complex moves out of its normal chromosome territory in the nucleus when 
 Shh  is transcribed. This chromosome territory shift normally happens only in the 
ZPA, suggesting that it is related to the activation of  Shh  expression. Other studies 
show a role for nuclear matrix proteins in the looping and physical interaction of 
 Shh  and the ZRS (Zhao et al.  2009  ) . These mechanisms are not entirely clear but 
show that there are multiple levels of control over  Shh  expression and potentially 
multiple ways this control could be disrupted by mutations.   

    5.5   Brachydactyly 

 While the types of limb malformations that result from ZRS mutations are primarily 
changes to the number of digits, there are also many types of limb malformation that 
are due to changes in limb or digit morphology. One class of malformations is the 
brachydactylies, a related set of conditions where some bones in the autopod are 
underdeveloped or absent (Fig.  5.3 ). There are  fi ve primary forms of brachydactyly 
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that are de fi ned by the pattern of affected digits (Mundlos  2009 ; Stricker and 
Mundlos  2011  ) . Many are related to mutations in genes associated with growth and 
differentiation that function through the bone morphogenic protein (BMP) pathway. 
BMPs are important signaling proteins that are expressed in the condensing mesen-
chyme of the limb that will form the digits. They were originally thought to be 
involved only in differentiation of bone but have since then been shown to have 
multiple important functions in other aspects of growth and patterning.  

    5.5.1    BMP2  Limb Enhancer Duplications Cause 
Brachydactyly Type A2 

 Bone morphogenic protein 2 ( BMP2 ) is known to play an important role in limb 
development (reviewed in Robert  2007  ) , and multiple mutations in  BMP2  path-
way genes can cause brachydactyly type A2 (BDA2; OMIM# 112600; Fig.  5.3c ). 
A highly conserved region 110 kb 3¢ to  BMP2  recapitulates a portion of  BMP2  limb 
expression (Fig.  5.3b ) and is thought to be a  BMP2  limb enhancer (Dathe et al. 
 2009  ) . The expression pattern of the reporter is in the distal portion of the develop-
ing autopod at a time that is critical for digit development. Linkage analysis of a 
family with autosomal-dominant BDA2 found linkage between the  BMP2  genomic 
region and this phenotype, but sequencing in two BDA2 families failed to  fi nd muta-
tions in the coding region of  BMP2 . Using comparative genomic hybridization 
(CGH), Dathe et al. found two different, but overlapping, 5.5-kb duplications that 
include the  BMP2  limb enhancer (Dathe et al.  2009  ) . Another research group later 
found a third overlapping duplication that caused a similar BDA2 phenotype in an 

  Fig. 5.3    Cartilage condensation and brachydactyly. ( a ) At embryonic day 13.5, mouse limb buds 
show condensations of cartilage where the bones of the autopod will develop. ( b ) The  BMP2  
enhancer shows LacZ reporter expression around the developing phalanges. Changes in gene 
expression levels that change  BMP2  signaling levels can disrupt development of the digits and 
cause brachydactyly ( c ) (Reproduced with permission from Dathe et al.  2009  )        
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additional family (Su et al.  2011  ) . These microduplications might increase  BMP2  
expression speci fi cally in the limb, disturbing the ratio of signaling factors in the 
limb. Developing digits and joints are highly sensitive to changes in BMP dosage 
suggesting that this enhancer-driven increase could cause changes that result in the 
brachydactyly phenotype.  

    5.5.2   The  SOX9  Enhancer and Brachydactyly 

 Another gene whose  cis -regulatory elements are related to brachydactyly is  SOX9 , 
a gene that is involved in chondrocyte differentiation. Without expression of  SOX9,  
limb skeletal development is severely affected, and limbs are completely absent, 
though early patterning of the limb bud appears to occur correctly (Akiyama et al. 
 2002  ) . Mutations in the  SOX9  coding sequence result in a lethal skeletal condition 
that includes limb malformations, but duplication of a region 5¢ of the gene causes 
only an isolated limb malformation, brachydactyly–anonychia (Kurth et al.  2009  ) . 
Duplications including this region were found in multiple unrelated families, 
identifying a “critical region” that likely contains a limb regulatory element. The 
mechanism here appears to be similar to the  BMP2  enhancer duplication; the 
increased gene expression due to the duplicated enhancer changes the balance of 
signaling factors and disrupts development. A transgenic mouse designed to overex-
press  SOX9  in the entire limb mesenchyme showed polydactyly as well as short, 
broad digits (Akiyama et al.  2007  ) , further supporting this proposed mechanism.   

    5.6   Future Limb Malformation-Associated Enhancers 
on the Horizon 

 It is likely that the few enhancers where mutations are con fi rmed to cause human 
limb malformations are only the beginning of the discoveries that are still to come. 
For the ZRS,  BMP2 , and  SOX9  enhancers, the discovery of the mutations in patients 
with limb malformations came after other indications that these genes and their 
regulation played roles in development. There are many other genes where there is 
mounting evidence that expression levels and cues from nearby sequences are 
important for limb development. 

    5.6.1   Chromosomal Rearrangements 

 It has long been understood that removing genes from the normal genomic context 
through chromosomal translocations or inversions can lead to developmental prob-
lems. This is now thought to be due in part to the separation of the genes from their 
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 cis- regulatory environment. Chromosomal rearrangements with breakpoints near 
the homeobox (HOX) gene clusters have been shown to cause limb malformations. 
In one case, a patient with postaxial polydactyly was found to have a balanced inver-
sion near the HOXA cluster that does not disrupt any of the  HOXA  genes but removes 
them from a region of several putative  cis -regulatory elements more than 1 megabase 
away from the cluster (Lodder et al.  2009  ) . Other chromosomal breakpoints near the 
HOXD cluster are also associated with limb malformations, also without disrupting 
genes, but simply removing the normal genomic context (Dlugaszewska et al.  2006  ) . 
In addition to transcription factors, other genes involved in development have been 
implicated in this way. A translocation breakpoint near the parathyroid hormone-
like hormone ( PTHLH ) gene was shown to downregulate gene expression leading 
to brachydactyly type E (Maass et al.  2010  ) .  

    5.6.2   Gene Expression Level Changes 

 There is also ample evidence that changing the expression level of a certain gene 
can lead to limb malformations. Clubfoot (also called congenital talipes equino-
varus) is a malformation of the legs where the feet are turned inward, disrupting the 
bones, ankle joints, muscles, and ligaments of the legs. While clubfoot is not pain-
ful, it does pose a serious functional problem when a child begins to walk. There are 
two genes that are thought to be particularly important in specifying the develop-
ment of tetrapod hind limbs, paired-like homeodomain 1 ( PITX1 ), and its down-
stream target, T-box 4 ( TBX4 ). In studies of patients with isolated forms of clubfoot, 
mutations in the coding regions of  PITX1  that affect gene function and duplications 
of  TBX4  that would affect expression levels both appear to cause this malformation 
(Alvarado et al.  2010 ; Gurnett et al.  2008 ; Logan and Tabin  1999  ) . Together, these 
data suggest that expression levels of  TBX4  may be related to this limb malforma-
tion. Using a mouse enhancer assay, two hind limb enhancers were discovered in the 
vicinity of  TBX4  (Menke et al.  2008  ) . In some cases of clubfoot, these hind limb 
enhancers may have mutations that affect gene expression and cause the limb mal-
formation phenotype. Other limb malformation cases of small duplications or dele-
tions that presumably encompass limb regulatory elements and alter gene expression 
levels have also been reported (Schluth-Bolard et al.  2008 ; Tsai et al.  2009 ; van der 
Zwaag et al.  2010  ) .  

    5.6.3   Known Limb Enhancers 

 There are also known enhancers that are proposed to regulate other important limb 
developmental genes (Cretekos et al.  2008 ; Abbasi et al.  2010 ; Feng et al.  2008 ; 
Durand et al.  2009 ; Sasaki et al.  2002  ) . The study of human limb malformations has 
also led to the association of particular genomic loci with speci fi c limb phenotypes. 
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For some of these malformations, no coding mutation can be detected in the associated 
region. In cases like these, the causal mutation may be in a regulatory element. Split 
hand–foot malformation (SHFM) is one example for this hypothesis. SHFM is 
linked to six different genomic loci, and only in two of these loci have coding muta-
tions been found that cause SHFM (SHFM4 is associated with tumor protein p63 
( TP63 ) mutations and SHFM6 with wingless-type MMTV integration site family 
member 10B ( WNT10B ) mutations). An enhancer has been identi fi ed within the 
SHFM1 locus that is thought to control the expression of distal-less homeobox 5 
and 6 ( DLX5 / 6 ) genes speci fi cally in the limb AER, an expression pattern whose 
disruption could cause a SHFM-like phenotype (Kouwenhoven et al.  2010  ) . In addi-
tion, there are studies in model organisms that have identi fi ed  cis -regulatory ele-
ment mutations that cause limb malformations in the model organism, though these 
enhancers have not been studied in detail in human patients (Feng et al.  2008 ; Liska 
et al.  2009  ) .   

    5.7   Summary 

 Regulatory mutations can affect gene expression and cause dramatic changes in 
 patterning in early development, leading to congenital malformations. Due to their 
frequency and various phenotypic patterns, limb malformations represent a category 
of congenital malformations where many cases could be caused by  cis -regulatory 
element mutations. As seen with the  SHH  ZRS enhancer, an important limb regula-
tory element could be a site for many mutations causing related limb malformation 
phenotypes. In addition to the few known regulatory elements that have been shown 
to relate to human limb malformations, there is abundant evidence that additional 
limb-related enhancers exist and that changes to these enhancers could also cause 
human limb malformation phenotypes. The continued identi fi cation of  cis -regulatory 
elements that are important in the developing limb will aid in the detection of these 
sequence changes and increase our understanding of gene regulation and limb 
development.      

 Abbreviations  

  AER    Apical ectodermal ridge   
  AP    Anterior-posterior [axis]   
  BDA2    Brachydactyly type A2   
  BMP    Bone morphogenic protein   
  BMP2    Bone morphogenic protein 2   
  bp    Base pairs   
  ChIP    Chromatin immunoprecipitation   
  ChIP-seq    Chromatin immunoprecipitation followed by deep sequencing   
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  Abstract   Cleft lip and palate is one of the most common craniofacial birth defects 
and one of the most common of all birth defects. Its high impact on the affected 
individual, their families, and society provides strong motivation to understand the 
causes. Initial genetic studies focused on coding regions of genes that are required 
for normal development of the lip and palate. However, many individuals with cleft 
lip and palate do not have mutations in these regions, requiring a broader search for 
mutations. Recent studies have included conserved noncoding sequences that may 
harbor regulatory elements. In this chapter, we focus on the discovery and charac-
terization of two noncoding DNA variants in the vicinity of two genes that are 
associated with cleft lip and palate. First, the minor allele for the SNP rs642961 
exempli fi es the discovery and validation of a common DNA variant that alters the 
expression of  IRF6 , a gene that is required for development of both the lip and the 
palate. Second, a DNA variant in a sequence that is 1.5 Mb away from the  SOX9  
gene exempli fi es the discovery and validation of a long-range enhancer element. 
This chapter also contains brief discussions of other examples of DNA variants that 
affect regulatory elements and contribute to an increased risk for cleft lip and palate. 
We also discuss approaches and resources available to the craniofacial genetics 
community to accelerate discovery of additional regulatory elements and DNA vari-
ants that affect their activity. We end with a discussion of the tantalizing questions 
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that remain to be answered about the regulation of  IRF6  expression and how that 
may account for missing heritability.  

  Keywords   Cleft lip  •  Cleft palate  •   IRF6   •   MCS9.7   •   TP63   •   FOXE1   •   PDGFC   
•   TBX22   •   SOX9   •   SATB2        

    6.1   Epidemiology of Cleft Lip and Palate 

 Worldwide, the incidence of cleft lip and palate is 1–2/1000 live births (Mossey 
et al.  2009  ) , making it the most common craniofacial birth defect and one of the 
most common of all birth defects. The incidence of cleft lip and palate varies widely 
by geographic origin, suggesting regional differences in etiology, which could be 
due to variation in the environment, but it might also suggest differences in the 
frequency of DNA variants that contribute risk for cleft lip and palate. 

 Cases of cleft lip and palate may be divided into two broad categories: syndromic 
and isolated (non-syndromic). Individuals with a syndromic form of cleft lip and 
palate not only have an orofacial cleft, but they also have at least one other charac-
teristic abnormality such as a limb or heart defect or developmental delay. Syndromic 
cases account for about 30% of cleft lip and palate and are highly associated with 
chromosomal abnormalities, Mendelian disorders, or exposure to teratogens. As we 
will describe later in this chapter, the chromosomal abnormalities are important for 
helping to identify long-range regulatory elements, while the Mendelian disorders 
are important for identifying genes that are key regulators of lip and palate develop-
ment. We do not discuss the effect of teratogens or other environmental factors, but 
note that they are extremely important, and a future research challenge is to under-
stand how these exposures alter gene expression or pathway functions that are 
essential for development of the lip and palate. 

 Most cases of cleft lip and palate are isolated. That is, the individual with the 
orofacial cleft lacks any other detectable phenotypic feature. While cases of isolated 
cleft lip and palate rarely show Mendelian patterns of inheritance, family and twin 
studies suggest a strong genetic component for its etiology (Lie et al.  1994 ; Grosen 
et al.  2011  ) . Although cleft lip and palate is common, studies have shown that cleft 
lip and palate increases morbidity (Zhu et al.  2002 ; Bille et al.  2005  )  and an overall 
higher risk of mortality that extends into adulthood (Christensen et al.  2004  ) . These 
observations raise an interesting paradox. How can a genetically caused birth defect, 
which increases morbidity and mortality, be common? What possible genetic archi-
tecture or evolutionary process has allowed this phenomenon to occur? In the con-
text of this chapter, it is important to consider potential genetic models because they 
inspire hypotheses for the type of mutations that will contribute to cleft lip and pal-
ate and where those mutations might be located. In addition, they might suggest 
effects of DNA variants that extend beyond the development of the lip and palate to 
contribute risk for or protection from other adult-related health conditions. 
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 At least two models are possible to explain the paradox of a common, genetically 
caused birth defect. The most intuitive model for a common genetic disease is that 
it is caused by common variants. This model has been referred to as the “common 
disease, common variant” hypothesis (Lander  1996  ) . However, how can a variant 
become common in a human population if it contributes signi fi cant risk for a birth 
defect that increases morbidity and mortality? One possible mechanism is chance, 
i.e., genetic drift. But, a more interesting model is that the disease-associated DNA 
variant became common by selection. For example, a DNA variant may affect the 
function of some other biological process that contributes suf fi cient positive selec-
tion to overcome the negative selection caused by the increased risk for cleft lip and 
palate. The classic example of positive selection for a common disease-associated 
DNA variant is sickle cell trait, where the positive selection provided by this allele 
through resistance to malaria compensates for the negative selection caused by 
sickle cell anemia. A second model to explain the paradox of the high incidence of 
cleft lip and palate assumes that there is only negative selection on DNA variants 
that contribute risk for cleft lip and palate. If so, then the DNA variants may not be 
common individually, but they may be common collectively. For example, we 
already have a hint from our discussion above that a very large number of loci 
(genes) are required for the development of the lip and palate. Thus, with so many 
loci, it is easy to imagine that the baseline mutation rate in the human genome is 
suf fi cient to explain the large number of DNA variants needed to account for a com-
mon disorder such as cleft lip and palate. In the next section, we will see that these 
two models are not mutually exclusive and that both common and rare DNA vari-
ants can contribute to the incidence of cleft lip and palate and that these DNA 
variants have been found in regulatory elements.  

    6.2   Clinical and Developmental Aspects of Cleft 
Lip and Palate 

 Cleft lip and palate are developmental abnormalities that arise in early develop-
ment. In humans, the lip develops during weeks 6–8 (Carnegie stages 16–23), while 
the palate develops during weeks 8–12 (Yoon et al.  2000  ) . Thus, normal develop-
ment of the lip and the palate has both distinct and overlapping time frames. This is 
important to bear in mind for this chapter because these two developmental pro-
cesses will likely have distinct mechanisms and regulatory networks, but also, even 
when common pathways are utilized, they may not be synchronous. Therefore, 
genes and pathways that are required for development of both the lip and the palate 
may require distinct or additional regulatory networks. 

 At week 6, the upper lip begins to take shape as three growth projections begin 
to merge: the medial nasal prominence, the lateral nasal prominence, and the maxil-
lary process (Yoon et al.  2000  ) . Figure  6.1  shows an example of a developing 
embryo. Although these are murine embryos, development of the lip and palate in 
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  Fig. 6.1     Mouse MCS9.7 enhancer activity and Irf6 expression during the development of the lip 
and palate.  ( a – f )  MCS9.7-LacZ  transgenic embryos from various embryonic time points as indi-
cated below each picture.  Blue  staining indicates  MCS9.7  enhancer activity. Staining for Bgal by 
whole mount ( a – d ) or coronal section of head at  low  ( e ) and  high  ( f ) magni fi cation. At  E13.5 , 
 MCS9.7  is active in periderm ( pe ) and developing muscle in tongue, but not in basal epithelium 
( be ) or mesenchyme (mes). Coronal sections of head immunostained for  Bgal  ( g ) or  Irf6  ( h ). 
At  E14.5 ,  MCS9.7  is not active in the medial edge epithelium (MEE), but  Irf6  is highly expressed 
in these cells. Stained structures include hindbrain ( hb ), maxilla ( mx ), mandible ( m ), second and 
third pharyngeal arches ( II, III ), somites (s), forelimb (  fl  ), hind limb ( hl ), lateral nasal prominence 
( lnp ), medial nasal prominence ( mnp ), tooth germ ( tg ), palate ( p ), medial edge epithelium ( arrows ), 
tongue ( t ), nasal epithelium ( ne ), and oral epithelium ( oe )       
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mice is very similar to humans. Therefore, the mouse is an excellent model to study 
normal development and to determine pathophysiological mechanisms with mutant 
strains. The relative positions of the three growth projections for the developing 
lip are shown in Fig.  6.1b . Each of these growth projections is composed of three 
broadly classi fi ed cell types: periderm, basal epithelium, and mesenchyme. The 
periderm is a highly squamous cell layer that covers the entire external surface of 
the embryo and the surfaces of the oral cavity (Fig.  6.1f ). The basal epithelium is a 
single, highly ordered layer of cuboidal cells. While the apical surface of the basal 
epithelium contacts the periderm, the basolateral side is attached to the basement 
membrane (Fig.  6.1f ). Below the basement membrane are the mesenchymal cells. 
For these three cell types, the critical distinction is that the periderm and basal epi-
thelium are derived from the ectodermal germ cell layer (Byrne et al.  1994  )  and the 
mesenchymal cells are derived primarily from cranial neural crest cells. The cranial 
neural crest cells originate from the lateral ridges of the neural plate and migrate 
through the pharyngeal arches (Fig.  6.1a ) to populate the face. Thus, there is great 
potential for complex regulation of gene expression. For example, since the epithe-
lial layers and the mesenchymal cells differ in origin, their initial regulatory cues for 
speci fi cation and function will differ. Also, based on their contacts to each other, 
they will receive different signals from each other. Finally, based on their location 
in the embryo, these three cell types will differ in their exposure to the environment, 
whether it is exposures from maternal circulation or from the amniotic  fl uid.  

 To complete development of the lip at week 8, the medial and lateral nasal pro-
jections fuse with the maxillary process (Yoon et al.  2000  ) . In this context, we de fi ne 
fusion as the formation of a con fl uent bridge of mesenchymal cells between adja-
cent tissues. For fusion to occur, the periderm and basal epithelial layers between 
the fusing tissues must “disappear,” and the basement membrane must break down. 
The mechanism for how the cells between these three growth projections disappear 
has not been determined. However, in the fusion of the palatal shelves, where more 
research has been performed, evidence exists for three mechanisms (see below). 
Thus, the  fi nal step in the development of the lip also provides a rich source of regu-
latory complexity. 

 Palatal development begins at week 8 with the emergence of the palatal shelves 
from the maxillary process (Yoon et al.  2000  ) . The analogous event in murine devel-
opment is shown in Fig.  6.1c ,  e . Like the growth projections for the lip, the palatal 
shelves are composed of three similar cell types: periderm, basal epithelium, and 
mesenchyme (Fig.  6.1f ). Over the next few days, the palatal shelves grow down-
ward past the sides of the tongue. By the end of week 8, the tongue drops out of the 
way, and the vertically oriented palatal shelves elevate into a horizontal position, 
such that their medial edges appose. Contact between the epithelial cells on the 
apposing palatal shelves peaks with the formation of the medial edge seam (Fig.  6.1g ,  h ). 
Once formed, the medial edge seams dissolve, and by week 12, the palatal shelves 
are fully fused. The con fl uent bridge of mesenchyme goes on to differentiate into 
the muscle and cartilage of the mature palate. 

 While our understanding of development of the lip and palate has been greatly 
aided by the study of animal models, especially the mouse, it is important to also note 
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the differences between these two systems. In particular, whereas cleft lip is generally 
the most common orofacial cleft in humans (Mossey et al.  2009  ) , cleft palate is more 
common in the mouse (Mouse Genome Informatics;   http://www.informatics.jax.org    ). 
Also, as we will discuss later, the effect of DNA variants on orthologous genes leads 
to related but certainly not equivalent effects. The origin of these differences remains 
elusive and is an important challenge for developmental biologists. 

 Given this caveat, our current understanding of the cellular functions that are 
required for palatal development has been aided by the development of an organ 
culture system from the mouse. Palatal fusion can be divided into three general 
stages: (1) apoptosis of the periderm, (2) adhesion and intercalation of the basal 
epithelium to form a single cell layer called the medial edge seam, and (3) dissolu-
tion of the medial edge seam to form the con fl uent bridge of mesenchyme (Nawshad 
 2008  ) . In order for the basal epithelial cells from apposed palatal shelves to adhere, 
the super fi cial layer of periderm cells must disappear, most likely through apopto-
sis. Based on their location in the oral cavity and at the tip of the palatal shelves, 
the basal epithelial cells are called the medial edge epithelium (MEE). With the 
absence of periderm, the cells of the MEE send out  fi lopodial projections (Cox  2004  ) . 
As intercellular interactions increase, the tight junctions between the MEE cells 
break down, allowing the opposed cells to intercalate. This process is complete with 
the formation of a single layer of epithelial cells called the medial edge seam (MES). 
Once formed, the MES begins to dissolve. Three mechanisms appear to contribute 
to the dissolution of the MES: (1) terminal differentiation, (2) migration out of the 
medial edge to the nasal and oral surfaces of the palatal shelves, and (3) epithelium 
to mesenchymal transition (Nawshad  2008  ) . These three mechanisms are hypothe-
sized to also be involved in fusion of the lip, although this remains to be tested 
experimentally. Given the similarity in the cell types and the overall process of 
fusion, it would not be surprising to  fi nd a set of genes and pathways that are required 
for development of both the lip and the palate. 

 In sum, given the orchestration of many parts and the complexity of each of the 
parts, it is easy to imagine why cleft lip and palate is the most common craniofacial 
birth defect and one of the most common birth defects overall. Also, the inherent 
complexity in temporal and spatial requirement for cellular and molecular functions 
suggests a complex range of systems to regulate the function of pathways and genes.  

    6.3   Genetics of Orofacial Clefting Disorders 

 To overcome the complexity of the etiology of orofacial clefting disorders, multiple 
strategies have been used to identify the genetic factors involved. These include 
direct genetic analysis of human populations (syndromic and isolated), gene expres-
sion studies, characterization of mouse transgenics and knockouts, and palate 
culture assays (Schutte and Murray  1999  ) . Based on these criteria, a list of 357 
strong candidate genes was compiled (Jugessur et al.  2009  ) . In addition, the Online 
Mendelian Inheritance in Man (OMIM;   www.ncbi.nlm.nih.gov/omim    ) is an online 

http://www.informatics.jax.org
http://www.ncbi.nlm.nih.gov/omim
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resource for human genetic disorders. A search using the key terms “cleft lip or cleft 
palate” retrieved over 600 entries. Early genetic studies focused on syndromic forms 
of orofacial clefting because the tools for gene discovery at that time were best 
suited to  fi nd Mendelian disorders and chromosomal abnormalities. OMIM lists 
about 150 orofacial clefting disorders that have a Mendelian inheritance pattern, 
and of these, the gene involved has been identi fi ed for 54 (Dixon et al.  2011  ) . 

 From this list, we will pay special attention to two genes: interferon regulatory 
factor 6 ( IRF6 ) and tumor protein p63 ( TP63 / p63 ). These two genes are noteworthy 
for three reasons. (1) Both  IRF6  and  TP63  encode transcription factors. (2) Mutations 
in each gene can cause either cleft lip or cleft palate, even in the same family. This 
“mixed cleft” phenotype in the same family shows that  IRF6  and  TP63  are required 
for development of both the lip and the palate. Thus, these two distinct developmen-
tal processes share at least one common genetic pathway. (3)  IRF6  and  TP63  actu-
ally function in the same genetic pathway. In fact, they interact genetically 
(Thomason et al.  2010  ) , and the mechanism of this interaction will be discussed in 
a later section. 

 With the advent of whole genome SNP arrays, family-based linkage studies for 
orofacial clefting disorders were supplemented by population-based association 
studies. Association studies can be more sensitive than linkage studies and are able 
to detect DNA variants that have weaker effects (Risch and Merikangas  1996  ) . To 
date, four genome-wide association studies (GWAS) have been performed on popu-
lations with isolated cleft lip and palate (Birnbaum et al.  2009 ; Grant et al.  2009 ; 
Mangold et al.  2009 ; Beaty et al.  2010  ) . From these studies, ten loci were identi fi ed 
(Table  6.1 ). Only one of these loci was previously associated with cleft lip and pal-
ate,  IRF6  (Zucchero et al.  2004  ) . Interestingly, all ten associated loci were inter-
genic. Thus, isolated cleft lip and palate is like other common disorders in that most 
loci found by GWAS are located between genes or in introns (Hindorff et al.  2009 ; 
Gunther et al.  2011  ) . Thus, there is a strong likelihood that the DNA variants that 

   Table 6.1    Loci associated with cleft lip and palate by GWAS   
 Locus  Nearby gene  Associated SNP  Reference 

 1p22   ABCA4   rs560426  (Beaty et al.  2010  )  
 1q32–q41   IRF6  a   rs642961 b   (Birnbaum et al.  2009 ; Beaty et al.  2010  )  
 2p21   THADA   rs7590268  (Mangold et al.  2009  )  
 8q24  Intergenic  rs987525  (Birnbaum et al.  2009 ; Grant et al.  2009 ; 

Mangold et al.  2009 ; Beaty et al.  2010  )  
 10q25.3   VAX1   rs7078160  (Mangold et al.  2009 ; Beaty et al.  2010  )  
 13q31.1   SPRY2   rs9574565  (Mangold et al.  2009  )  
 15q13.3   FMN1   rs1258763  (Mangold et al.  2009  )  
 17q22   NOG   rs17760296  (Mangold et al.  2009  )  
 18q22.3  Intergenic  rs17085106  (Grant et al.  2009  )  
 20q11.2   MAFB   rs13041247  (Beaty et al.  2010  )  

   a  IRF6  is the only gene in this list that was previously associated with cleft lip and palate 
  b The SNP rs642961 is the only SNP in this list that is known to be the actual risk allele. All other 
SNPs are likely to be associated through linkage disequilibrium with the actual risk allele  
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account for isolated cleft lip and palate may be found in elements that regulate gene 
expression. Table  6.2  includes a list of genes involved in cleft lip and palate where 
a regulatory element has been identi fi ed, and in some cases, the regulatory element 
contains a DNA variant that alters its function. In the next section, we will focus on 
one example of a DNA variant in a regulatory element that is associated with cleft 
lip and palate.    

    6.4   rs642961, a Common DNA Variant in a Regulatory 
Element for  IRF6 , Is Associated with Cleft Lip and Palate 

  IRF6  encodes a member of the interferon regulatory factor family of transcription 
factors. Mutations in the exons of  IRF6  cause two Mendelian orofacial clefting dis-
orders: Van der Woude syndrome (MIM 119300) and popliteal pterygium syndrome 
(MIM 119500) (Kondo et al.  2002  ) . Van der Woude syndrome is signi fi cant to the 
 fi eld of orofacial clefting because it is the most common syndromic form of cleft lip 
and palate, accounting for 2% of all orofacial clefts, and because it is an outstanding 

   Table 6.2    DNA elements and variants that regulate expression of genes that are required for 
development of the lip and palate (nd=not determined)   
 Gene  Element  Motifs  Reference 

  BMP4   Promoter  nd  (Suazo et al.  2009  )  
  DLX5/6   Enhancer  MEF2C a   (Verzi et al.  2007  )  
  FOXE1   Promoter  MYF-5 b   Venza et al.  2009  
  HAND2   Enhancer  ET-1 a   (Yanagisawa et al.  2003  )  
  IRF6   Enhancer (MCS9.7)  TFAP2A c , TP63, 

Ebox, MAFB 
 (Rahimov et al.  2008 ; Moretti 

et al.  2010 ; Thomason et al. 
 2010 ; Fakhouri et al.  2012  )  

  IRF6   Enhancer 
(MCS2.4, 3.6) 

 CSL  (Restivo et al.  2011  )  

  IRF6   Promoter  CpG island  (Botti et al.  2011  )  
  PDGFC   Promoter  nd d   (Choi et al.  2009  )  
  PITX2   Enhancer  NF1, TCF e   (Ai et al.  2007  )  
  SATB2   Enhancer  nd  (FitzPatrick et al.  2003  )  
  SOX9   Enhancer  MSX1 f   (Benko et al.  2009  )  
  TBX22   Promoter  nd g   (Pauws et al.  2009  )  
  TBX22   Enhancer  MN1 a   (Liu et al.  2008  )  
  TF63   Enhancer  TFAP2, TP63 h   (Antonini et al.  2006  )  

   a Knockout of  trans  factor abolished enhancer activity 
  b SNP rs111846096 is associated with cleft lip and palate 
  c SNP rs642961 is associated with cleft lip and palate 
  d SNP rs28999109 is associated with cleft lip and palate 
  e DNA binding sites were mutated in a murine model 
  f Private mutation found in family with Pierre Robin sequence 
  g SNP rs41307258 is associated with cleft palate 
  h DNA binding sites were mutated in cell culture experiments  
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clinical model for isolated cleft lip and palate. We de fi ne a clinical model as a rare 
disease that has a very similar phenotype for a common disease. For example, Van 
der Woude syndrome, like isolated cleft lip and palate, can manifest as a mixed cleft 
phenotype in the same family. Moreover, the only clinical difference is the presence 
of paramedian pits (or mounds) in the lower lip in 85% of patients with Van der 
Woude syndrome. Thus, since 15% of patients lack lip pits, they are a perfect 
phenocopy for isolated cleft lip and palate. Because of this remarkable phenotypic 
similarity, researchers hypothesized that DNA variation in the Van der Woude 
syndrome gene would also increase the risk for isolated cleft lip and palate. 

 To test this hypothesis, Drs. Jeff Murray and Mary Marazita led an international 
team that discovered that a common DNA variant in  IRF6  was highly associated 
with isolated cleft lip and palate throughout the world (Zucchero et al.  2004  ) . Although 
the DNA variant was a non-synonymous SNP (V274I) at a conserved residue, this 
variant probably was not the allele that accounted for the disease association. In this 
chapter, we will call such an allele the disease risk allele. The main rationale for 
this hypothesis was that the associated allele was the ancestral allele, i.e., the allele 
that is found in other mammals. Since cleft lip and palate is a lethal event in other 
mammals, there would be a strong purifying selection against this allele. To explain 
their observations, the authors argued that the V274 allele was in linkage disequilib-
rium (see below) with the disease risk allele (Zucchero et al.  2004  ) . Since no other 
common DNA variants were found in the exons of  IRF6 , the researchers hypothe-
sized that the disease risk allele would be in a regulatory element. 

 To  fi nd the disease risk allele at the  IRF6  locus, a multidisciplinary group of 
investigators combined genomic, human, and murine genetics and molecular analy-
ses. First, they hypothesized that the regulatory element would be highly conserved. 
By sequencing the  IRF6  locus in 17 species, they identi fi ed 41 multispecies con-
served sequences (MCS) in the 140-kb haplotype block that contained  IRF6  
(Rahimov et al.  2008  ) . The human genome is divided into haplotype blocks, which 
are regions of variable size along each chromosome where alleles are in linkage 
disequilibrium. In other words, the alleles within the haplotype block are highly 
likely to co-segregate during meiosis. Next, the investigators sequenced these 41 
conserved regions in cases of isolated cleft lip and palate and controls to  fi nd new 
DNA variants. One new DNA variant, rs642961, was signi fi cantly overrepresented 
in cases over controls and was highly associated with cleft lip in populations from 
multiple geographic origins (Rahimov et al.  2008  ) . 

 rs642961 is located in  MCS9.7 , the conserved region located 9.7 kb upstream of 
the  IRF6  transcriptional start site (Fig.  6.2 ). This region contains multiple epige-
netic signatures that are consistent with enhancer elements, including mono- and 
trimethylation of the lysine at position 4 of histone H3, a DNaseI-hypersensitive 
site, acetylated lysine at position 27 of histone H3, and a high level of conservation 
among mammals.  MCS9.7  also contains a number of binding sites for transcription 
factors that are important for craniofacial development, including TP63, transcrip-
tion factor activator enhancer binding protein 2 alpha (TFAP2A, AP-2A), and v-maf 
musculoaponeurotic  fi brosarcoma oncogene homolog B (MAFB). To test whether 
 MCS9.7  is an enhancer, the authors performed a transient transgenic enhancer assay 
in mice. In this assay, the putative enhancer is cloned into a vector that contains a 
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basal promoter driving a reporter gene, in this case  LacZ . Thus, if the cloned 
sequence is an enhancer, it will drive  LacZ  expression in speci fi c cells or tissues. 
An example of this kind of staining is shown in Fig.  6.1a . For  MCS9.7 , nine 
transgenic embryos showed a consistent expression pattern that closely replicated 
the endogenous expression of  Irf6 . The authors concluded that  MCS9.7  was an 
enhancer element and was likely to be an important regulatory sequence for  IRF6  
(Rahimov et al.  2008  ) . Other genes with expression patterns that overlap with 
MCS9.7 activity (Fig.  6.3 ) maybe involved in common pathways and may have 
common regulatory sequences.   

 Several additional lines of evidence suggest that rs642961 is the DNA variant 
that leads to an increased disease risk. First, unlike V274I, the associated allele for 
rs642961 is the derived allele. That is, it is not the ancestral allele. It is only found 
as a DNA variant in human populations. Second, the authors observed that the dis-
ease-associated allele for rs642961 altered a highly conserved DNA binding site for 
the AP-2 family of transcription factors. Using an in vitro DNA binding assay, the 
authors observed that the DNA variant abrogated binding by recombinant TFAP2A 
protein to this mutated site. This result is signi fi cant because previous studies 
showed that  Tfap2a  in mouse is required for craniofacial development (Schorle 
et al.  1996  )  and that mutations in  TFAP2A  cause branchio-oculo-facial syndrome, a 
disorder that has phenotypic overlap with Van der Woude syndrome, including oro-
facial clefts and occasional lip pits (Milunsky et al.  2008  ) . In sum, these data are 
consistent with the hypothesis that the derived allele for rs642961 contributes risk 
for cleft lip and palate by altering the activity of the  MCS9.7  enhancer element 
through the abrogation of binding by TFAP2A. 

 Before leaving this study, we highlight three other points that are relevant to this 
chapter. First, the authors measured the effect of the risk allele on expression of 
 IRF6  in a transactivation assay in cell culture. Contrary to expectation, they observed 
increased expression in cells transfected with the risk allele. This observation points 
out a potential limitation of using cell lines in testing enhancer elements and DNA 
variants in those elements. Second, the large effect size for this DNA variant (odds 
ratio ~ 1.8) and the high carrier frequency for this risk allele in many populations 
(~22%) combine to give an overall population attributable risk of 12–18%, depend-
ing on cleft type and population. The population attributable risk can be depicted as 
the fraction of disease cases that would not have occurred, if by some mechanism 
we could remove this risk allele from the world’s population. This large value for 
worldwide attributable risk is certainly consistent with the “common variant, com-
mon disease” hypothesis. Thus, rs642961 and isolated cleft lip and palate can be 
included as one of the rare examples of validating this hypothesis in all of human 
genetics. Second, the population attributable risk for this allele was much larger for 
cleft lip than for cleft lip with or without palate, 18% versus 10%. This observation 
suggests that this variant has a stronger negative effect on development of the lip 
than the palate. Thus, the authors hypothesize that other variants in  IRF6  could be 
found that can account for its effect on cleft palate. Since no other DNA variant 
within  MCS9.7  was associated with orofacial clefts, these results suggest the presence 
of other DNA variants in other enhancer elements that alter  IRF6  expression and 
contribute risk for cleft palate. Finally, on average, 22% of the world’s population 
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     Fig. 6.3     Whole mount  in situ  hybridization for murine genes that encode transcription and signal-
ing factors at E10.5.  Images of in situ hybridization for the indicated genes were obtained from the 
EMAGE database (  http://www.emouseatlas.org/emage    ) (   Richardson et al.  2010  ) . All of these 
 trans  factors share a common expression pattern that includes orofacial tissues and limbs. See 
legend of Fig.  6.1  for names of major embryonic structures. Grouping of epithelial and mesenchy-
mal expression is based on immunostaining of coronal sections of embryonic heads at E13.5 (data 
not shown). Depending on time point and tissue, expression of Tfap2a,  Bmp4 ,  Max ,  Myc ,  Smad2 , 
and  Twist1  can be observed in either or both epithelium and mesenchyme. Twist1 is primarily 
mesenchymal, though placed under epithelium to  fi t in  fi gure          

are carriers for the rs642961 risk allele. Why? As discussed above, how can a risk 
allele for a disease that has negative evolutionary selection be common worldwide? 
In Sect.  6.6 , we will address these last two points by carefully examining the activity 
of the  MCS9.7  enhancer.  

 

http://www.emouseatlas.org/emage
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    6.5    TP63  and  IRF6 , a Gene Regulatory Loop 
that Is Essential for Palatal Development 

 As data for  TP63  and  IRF6  have been gathered from human and mouse genetics, the 
suspicion that these two transcription factors function in a common genetic pathway 
has increased. For example, mutations in both genes cause multiple human syn-
dromes that affect development of the skin, limbs, and face, including orofacial 
clefts (MIM 603273 and 607199). Similarly in the mouse, mutant strains for both 
genes show abnormal development of the skin, limbs, and face, including cleft 
palate. At the cellular level, both are required for the switch from proliferation to 
differentiation of keratinocytes during epidermal development (Koster and Roop 
 2004 ; Ingraham et al.  2006 ; Richardson et al.  2006  ) . Finally, in two beautifully 
complementary studies,  TP63  and  IRF6  were shown to form a gene regulatory loop 
in both human and mouse keratinocytes (Moretti et al.  2010 ; Thomason et al.  2010  ) . 
The study by Moretti and colleagues showed that  TP63  is required for IRF6 expres-
sion in three independent systems: (1) in murine keratinocytes that were treated 
with siRNA for the N-terminally deleted isoform of  TP63  ( D  Np63 ), (2) in epidermis 
from mice that lack  p63 , and (3) in skin obtained from a patient with ankyloblepha-
ron ectodermal dysplasia clefting (MIM 106260), a syndrome that is caused by 
mutations in  TP63 . Moreover, they showed that p63 directly binds to two sites at the 
 IRF6  locus: one in the promoter region and one in intron 1, suggesting that  D Np63 
directly transactivates  IRF6 . This study also showed that the Irf6 protein downregu-
lates the steady-state levels of  D Np63, thus forming a negative feedback loop. The 
details of this feedback mechanism are not completely known at this time, but are 
thought to include the proteasome. 

 The Thomason study complemented the Moretti paper in several ways. First, the 
Thomason study also showed that  D Np63 directly transactivates  IRF6 . However, in 
the Thomason paper, the binding sites for  D Np63 were located approximately 10 kb 
upstream of the  IRF6  transcription start site. The differences in the  D Np63 binding 
sites between these two studies are not mutually exclusive, but may re fl ect the different 
sources for the keratinocytes and different experimental conditions used. The 
binding site identi fi ed in the Thomason paper was interesting because it co-localized 
with the  MCS9.7  enhancer element. Computational and molecular studies 
identi fi ed two consensus binding sites for TP63 inside  MCS9.7 , and mutational 
analyses showed that both sites are required for full enhancer activity of  MCS9.7 . 
The Thomason study also used mutant strains of mice to show directly that  Tp63  and 
 Irf6  interact genetically. Whereas the individual heterozygous mice lack gross mor-
phological abnormalities, nearly all embryos that were doubly heterozygous for 
 Tp63  and  Irf6  had a cleft palate. The full pathophysiological mechanism for this cleft 
has yet to be elucidated. However, at the histological level, the authors observed that 
the periderm failed to dissolve completely and that the medial edge epithelium from 
opposing palatal shelves failed to adhere. On the molecular level, whereas the level 
of Tp63 goes down in the medial edge epithelium during normal palatal fusion, 
Tp63 levels remained high in the medial edge epithelium in embryos that lacked  Irf6 . 
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This observation is consistent with the Moretti study that showed that Irf6 is required 
to destabilize  D Np63 protein. Thus, in viewing these two studies in total, an elegant 
negative feedback loop emerges, whereby  D Np63 directly transactivates  Irf6  expres-
sion, possibly through the  MCS9.7  enhancer element, and Irf6 protein then destabi-
lizes  D Np63 using a proteasome-dependent mechanism. In the next section, we will 
revisit the role of TP63 in regulating  IRF6  via the  MCS9.7  enhancer element.  

    6.6   Enhancer Activity of  MCS9.7  at the  IRF6  Locus 

 While the transient embryo experiments for  MCS9.7  enhancer activity were consis-
tent between replicates and consistent with endogenous expression of  Irf6 , these 
data were only generated at one time point and were only viewed in whole mount 
(Rahimov et al.  2008  ) . To test enhancer activity in other time points and to deter-
mine cell-speci fi c expression patterns, it is necessary to generate a stable transgenic 
strain. Moreover, it is necessary to generate multiple transgenic lines because the 
standard protocol for generating transgenic mice relies on random insertion of the 
transgene into the genome. Thus, the pattern of enhancer activity may be altered by 
the structure of the chromatin at the integration site. This so-called position effect 
can be controlled by testing the enhancer activity in multiple independent trans-
genic lines. To characterize the enhancer activity of  MCS9.7 , two stable transgenic 
lines were created using the same vector that was used for the transient transgenic 
embryos in the earlier study (Fakhouri et al.  2012  ) . Both stable lines showed an 
identical pattern of enhancer activity at all time points tested and were completely 
consistent with the nine transient transgenic embryos of the earlier study. Thus, 
there was no evidence for position effect in these  MCS9.7  transgenic lines. 

 The detailed characterization of the stable  MCS9.7-LacZ  transgenic strain 
exempli fi es a number of biological questions that can be addressed with in vivo 
studies of transgenic enhancer lines. The primary question is whether the enhancer-
reporter transgenic strain replicates the expression pattern of the endogenous gene. 
In the case of  MCS9.7  and  Irf6 , the answer to the primary question is yes, and sur-
prisingly no. Since the answer is also no, secondary questions arise. 

 As expected from previous studies (Kondo et al.  2002 ; Ingraham et al.  2006 ; 
Knight et al.  2006 ; Richardson et al.  2006,   2009  ) , enhancer activity of  MCS9.7  was 
observed along the edges of facial growth projections and branchial arches (Fig.  6.1a ,  b ), 
the apical ridge of the limb buds (Fig.  6.1a ), the palatal rugae (Fig.  6.1c ,  d ), the 
medial edge of the secondary palatal shelves at mouse embryonic day 13.5 (E13.5) 
(Fig.  6.1c ), the tooth germs (Fig.  6.1c ,  d ), the periderm (Fig.  6.1e ,  f ), the oral and 
nasal epithelia (Fig.  6.1g ), the hair follicles (not shown here), and the epidermis of 
the skin (not shown here). Thus,  MCS9.7  is suf fi cient to recapitulate endogenous 
Irf6 expression in most tissues. 

 On the other hand, three observations were unexpected. First, the activity of the 
 MCS9.7  enhancer was more dynamic than anticipated. The original expression 
studies suggested that Irf6 was expressed in all palatal epithelium at all times. 
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Rather, the high sensitivity of the transgenic reporter system revealed that Irf6 
expression was limited to the periderm prior to E13.5 (Fig.  6.1f ), but at later time 
points, Irf6 was also expressed in the basal epithelium (Fig.  6.1h ). This pattern at 
E13.5 is also unexpected because p63 is strongly expressed in the basal epithelium, 
but not in the periderm (Thomason et al.  2010 ; Fakhouri et al.  2012  ) . Thus, despite 
the strong association between expression of Irf6 and p63 described above, these 
results show that p63 is neither necessary nor suf fi cient for Irf6 expression. Second, 
the  MCS9.7  enhancer was not active in the medial edge epithelium (MEE) at E14.5 
(Fig.  6.1d ,  g ). This was very surprising because endogenous Irf6 expression peaks 
in this tissue at this time point (Fig.  6.1h ), strongly suggesting that some other regu-
latory element is required to drive Irf6 expression to the MEE. We will offer some 
speculations about the potential for another regulatory element in a later section. The 
third unexpected observation was that  MCS9.7  was active in regions where expres-
sion of  Irf6  had not been recognized, including the hindbrain (Fig.  6.1a ), developing 
muscle in the tongue (Fig.  6.1e ) and limb (not shown here). Subsequently, additional 
immunostaining revealed endogenous Irf6 expression in these regions. These obser-
vations have wider implications for orofacial clefting research. For instance, previ-
ous studies showed that individuals with Van der Woude syndrome are more likely 
to have cognitive dysfunction and abnormal brain development (Nopoulos et al. 
 2007a ; Nopoulos et al.  2007b  ) . Finding expression of Irf6 in early brain development 
may suggest a molecular rationale for these clinical observations.  

    6.7   DNA Variants in  FOXE1 ,  PDGFC , and  TBX22  Regulatory 
Elements Lead to an Increased Risk for Orofacial Clefting 

 Forkhead box E1 ( FOXE1 , also known as  TTF2  and  FKHL15 ) is a single exon gene 
that encodes for a member of the forkhead family of transcription factors.  FOXE1  is 
required for normal craniofacial development in humans (Clifton-Bligh et al.  1998  )  
and mice (De Felice et al.  1998  ) . Like  IRF6 , DNA variants in  FOXE1  can cause 
orofacial clefts and contribute risk for orofacial clefts. Speci fi cally, rare DNA vari-
ants in  FOXE1  cause Bamforth-Lazarus syndrome (MIM 241850), an autosomal 
recessive disorder that includes orofacial clefts as well as thyroid agenesis and cho-
anal atresia. Also, relatively common DNA variants have been associated with cleft 
lip with and without cleft palate and also associated with cleft palate only (Moreno 
et al.  2009  ) . In this study, DNA sequence analysis of the single exon did not detect 
any common DNA variants within the gene to account for the association. However, 
 fi ne mapping identi fi ed DNA variants that were highly associated with orofacial 
clefts that were located 5 ¢  of the gene and also 3 ¢  of the gene. These data suggest the 
presence of multiple DNA variants that alter expression of  FOXE1  by affecting 
regulatory elements that might be on both sides of the gene. 

 In support of this hypothesis,  a recent study identi fi ed a DNA variant (rs111846096) 
in the promoter region of  FOXE1  that was associated with cleft lip and palate (Venza 
et al.  2009  ) . Although the sample size in this study was very small (N = 25), the 
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DNA variant is very interesting because it is located in a myogenic factor 5 (MYF5) 
DNA binding site.  MYF5  encodes a member of the myogenic transcription factor 
family. While this family is well known for its role in muscle development, the 
authors point out that murine embryos that lack  Myf5  and myogenic differentiation 
1 ( MyoD ) have a cleft palate (Rot-Nikcevic et al.  2006  ) . Moreover, the DNA variant 
abrogates MYF5 binding to this site, and the DNA variant is associated with a sharp 
decrease in expression of  FOXE1  from patient tissues. While these results need to 
be replicated in much larger and more diverse populations, the potential impact is 
high because the frequency of the associated allele is not rare (5%;   http://www.ncbi.
nlm.nih.gov/snp    ). Also, genetic studies suggest that DNA variation at  FOXE1  con-
tributes signi fi cantly to orofacial clefts (Moreno et al.  2009  ) . 

 Platelet-derived growth factor C ( PDGFC ) encodes one of the ligands for platelet-
derived growth factor receptors. Human linkage and association studies suggest 
that  PDGFC , or a nearby gene on chromosome 4q31–q32, is required for develop-
ment of the lip and palate (Choi et al.  2009  ) . In addition, mice that lack  Pdgfc  have 
a cleft palate (Ding et al.  2004  ) . While sequence analysis of patient samples did not 
detect any DNA variants in the coding region of  PDGFC , a novel DNA variant 
(rs28999109) was found 986 bp upstream of the transcriptional start site (Choi 
et al.  2009  ) . The derived allele for rs288999109    was strongly associated with 
cleft lip with or without cleft palate in a cohort from China and other countries. 
In addition, this DNA variant signi fi cantly reduced the promoter activity for 
 PDGFC  in a transactivation assay in multiple cell lines. While it was predicted to 
alter the DNA binding site for six  trans  factors, the effect on any of these  trans  fac-
tors has not been tested in vitro or in vivo. Like the DNA variant in the  FOXE1  
promoter, rs28999109 has the potential to have a high impact on cleft lip and palate 
susceptibility because the frequency of the associated allele is not rare (6.7%; 
  http://www.ncbi.nlm.nih.gov/snp    ). 

 The  fi nal example of a relatively common DNA variant in a regulatory element 
that is associated with orofacial clefting is rs41307258. This DNA variant is located 
in the promoter region of T-box 22 ( TBX22 ).  TBX22  encodes for a member of the 
T-box family of transcription factors and is located on the X chromosome. Like 
 IRF6  and  FOXE1 , DNA variation in  TBX22  can both cause and contribute risk for 
orofacial clefts. In this case, the cleft phenotype is cleft palate only (MIM 303400). 
Loss of function mutations in  TBX22  causes X-linked cleft palate and ankyloglossia 
in familial cases (Braybrook et al.  2001  )  and accounts for 4–8% of isolated cases of 
cleft palate (Marcano et al.  2004  ) . Thus, it is important to appreciate that DNA 
variation in  TBX22  contributes to a broad spectrum of phenotypes and that an obvi-
ous genotype-phenotype relationship has not been detected. In a more recent study, 
the hypothesis that DNA variation in the promoter region of  TBX22  caused or con-
tributed risk for cleft palate with or without ankyloglossia was tested (Pauws et al. 
 2009  ) . While no novel DNA variants were identi fi ed, seven previously identi fi ed 
SNPs were analyzed. Two of these SNPs were highly associated with cleft palate, 
and when strati fi ed for the presence of ankyloglossia, the association increased. 
Finally, a promoter activity assay in a single cell line was performed, and a signi fi cant 
decrease in promoter activity with the derived allele for rs41307258 was observed. 

http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
http://www.ncbi.nlm.nih.gov/snp
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As the authors point out, the failure to detect an effect on promoter activity with the 
other DNA variant may simply re fl ect the difference between conditions in vivo and 
in a speci fi c cell line in cell culture (Cirulli and Goldstein  2007  ) .  

    6.8   Discovery of Long-Range Enhancers for  SOX9  
and  SATB2  by Chromosomal Abnormalities 
in Patients with Orofacial Clefts 

 So far in this chapter, we have discussed DNA variants in regulatory elements that 
were located near the gene of interest. Certainly, a more daunting task is to identify 
regulatory elements, such as long-range enhancers, that are far away. The  fi eld of 
craniofacial genetics offers two good examples where long-range enhancers are 
involved in human disease. These examples share two common themes – the involved 
genes are located in gene deserts and the use of chromosomal abnormalities to help 
localize the regulatory element. 

 SRY (sex-determining region Y)-box 9 ( SOX9 ) encodes a member of the sex-
determining region Y ( SRY )-related HMG box ( SOX ) family of transcription factors 
and is located on chromosome 17q24.3. Haploinsuf fi ciency of  SOX9  causes cam-
pomelic dysplasia (Foster et al.  1994  ) , an autosomal dominant disorder that includes 
abnormal skeletal and genital development and can include cleft palate (MIM 
114290). Pierre Robin sequence is also an orofacial clefting disorder that was mapped 
to 17q24–q25 (Benko et al.  2009  )  and is described in detail in Chap. 7 of this book. 
A few families with Pierre Robin sequence were identi fi ed to have chromosomal 
abnormalities far away from  SOX9  that did not include the gene. These helped iden-
tify regulatory elements that regulate  SOX9  from a distance and when mutated could 
cause Pierre Robin sequence (described in detail in Chap. 7 of this book). 

 SATB homeobox 2 ( SATB2 ) encodes a DNA-binding protein that regulates gene 
expression through chromatin modi fi cation and interaction (Dobreva et al.  2003 ; 
Britanova et al.  2005  )  and is required for embryogenesis, including development of 
the palate (Britanova et al.  2006 ; Dobreva et al.  2006  ) . In humans,  SATB2  is located 
on chromosome 2q32–q33 and has been implicated in palatal development – one 
case of a de novo nonsense mutation in  SATB2  in an individual with multiple con-
genital anomalies, including cleft palate (Leoyklang et al.  2007  ) , three cases of 
microdeletions that included part of the  SATB2  gene where one of these had cleft 
palate (Rosenfeld et al.  2009  ) , and two cases of a balanced chromosomal transloca-
tion that were located within  SATB2  (FitzPatrick et al.  2003 ; Tegay et al.  2009  ) . 
Signi fi cant for this chapter, a third balanced translocation was also found, but the 
location of the breakpoint was 3 ¢  of  SATB2  (FitzPatrick et al.  2003  )  suggesting the 
presence of a distant enhancer that lies distal to  SATB2 . As exempli fi ed by  SOX9 , 
there is a focused effort to screen patients with cleft palate for chromosomal abnor-
malities near the  SATB2  locus that can be used to re fi ne the mapping of the predicted 
regulatory element.  
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    6.9   Resources for Discovery of Risk Alleles 
in Regulatory Elements 

 The  fi eld of craniofacial genetics has followed a steady progression of gene 
discoveries that matches other human disorders. First came the lowest hanging fruit, 
the discovery of disease-causing alleles in genes involved in the rare Mendelian 
disorders using linkage analysis in families. Then came the alleles that contribute 
risk for the common but genetically complex disorders using GWAS in large popu-
lation cohorts. Despite these advances, there are two obvious gaps in our knowledge 
of the genetics of cleft lip and palate (and other diseases) that are relevant to this 
chapter. First, in the Mendelian disorders, no disease-causing mutation has been 
found for a signi fi cant proportion of families. For example, in Van der Woude syn-
drome, no etiologic mutation has been found in about 25% of families (de Lima 
et al.  2009  ) . Where are these missing mutations? Potential sources are mutations in 
other genes or mutations at the  IRF6  locus that are outside of the exons, such as in 
gene regulatory elements. For common diseases such as non-syndromic cleft lip 
and palate, ten loci were found by GWAS. However, the allele that actually contrib-
utes the risk is known for only one of these loci,  IRF6 . And even for  IRF6 , not all of 
the risks at this locus can be attributed to rs642961, the SNP whose derived allele 
alters the function of the enhancer element  MCS9.7 . Where are the other risk alleles 
at the  IRF6  locus and the other nine loci? One potential explanation is that these risk 
alleles are likely to be in regulatory elements. The rationale for this hypothesis is 
that most of the loci from the GWAS are located in regions between genes. Thus, the 
risk alleles are likely to be in regulatory elements or in genes that are dif fi cult to 
detect such as noncoding RNAs. 

 A major challenge then is to  fi nd the regulatory elements and the DNA variants 
within them. There are two general approaches to achieve these two goals: (1)  fi nd 
the regulatory element and then sequence for the presence of DNA variants in case 
and control populations or (2)  fi ne map the DNA variants that are associated with 
cleft lip and palate and then test the sequences surrounding the DNA variant for 
enhancer activity in vitro and in vivo. The two best cleft lip and palate-associated 
examples to  fi nd regulatory variants that contribute risk for cleft lip and palate,  IRF6  
and  SOX9  (described in Chap. 7), both relied on the second approach. The reason 
that both studies used DNA sequence analysis  fi rst is indicative of the available 
experimental resources. Currently, it is much easier to perform high-throughput 
DNA sequence analysis than it is to perform high-throughput enhancer activity 
assays. Given the rapid pace of advances in DNA-sequencing technology, this pattern 
is likely to continue and strongly support the “sequence- fi rst” paradigm. However, 
it is important to recognize that these two approaches are not mutually exclusive, 
and rapidly expanding resources exist for identifying sequences that are likely to 
contain regulatory elements. These include genome-wide analysis of chromatin 
structures using chromatin immunoprecipitation (ChIP), and genome-wide screening 
for enhancers using a transient transgenic embryo assay. Both sets of experiments 
are being performed by the Encyclopedia of DNA Elements (ENCODE), and their 
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data is available at the following website:   http://genome.ucsc.edu/ENCODE    . 
Another rapidly expanding set of data is ChIP experiments performed with tran-
scription factors that are known to be involved in cleft lip and palate (Table  6.3 ). 
These data sets contain DNA sequences that are likely to be regulatory elements. 
A list of transcription factors (TF) involved in cleft lip and palate was drawn from a 
previously published list of 357 candidate genes (Jugessur et al.  2009  ) . Of the 89 
transcription factors in that list, ChIP followed by sequencing (ChIP-Seq) or chip 
(ChIP-Chip) analyses were performed on 32 TFs from this list.  

 These two discovery approaches assume that a locus for cleft lip and palate 
has already been identi fi ed. However, even with multiple GWAS from diverse 

   Table 6.3    Transcription factors involved in craniofacial development for which genome-wide 
ChIP was performed   
 TF  Locus  ChIP  a   Reference 

  ARNT   1q21.3  C  (Noordeen et al.  2009  )  
  BARX2   11q25  C  (Stevens et al.  2004  )  
  CDX4   Xq13.2  C  (Sturgeon et al.  2010  )  
  HAND2   4q34.1  C  (Holler et al.  2010  )  
  DLX1   2q31.1  C  (Zhou et al.  2004  )  
  DLX2   2q31.1  C  (Zhou et al.  2004  )  
  EGR3   8p23–p21  C  (Weigelt et al.  2011  )  
  EVI1   3q24–q28  S/C  (Wang et al.  2011  )  
  FOXH1   8q24.3  S/C  (Kim et al.  2011  )  
  FOXP2   7q31  C  (Vernes et al.  2011  )  
  GLI3   7p14.1  S/C  (Rodelsperger et al.  2010  )  
  HIC1   17p13.3  C  (Van Rechem et al.  2009  )  
  HIF1A   14q23.2  C  (Zhu et al.  2011  )  
  IRF6   1q32.2  C  (Botti et al.  2011  )  
  IRF9   14q11.2  C  (Kubosaki et al.  2010  )  
  LEF1   4q25  C  (Yun and Im  2007  )  
  NR3C1   5q31  S/C  (Pan et al.  2011  )  
  PAX3   2q35-q37  C  (Lagha et al.  2008  )  
  PITX2   4q25  S/C  (Gu et al.  2010  )  
  RUNX2   6p21  C  (van der Deen et al.  2011  )  
  SALL4   20q13.13–q13.2  C  (Yang et al.  2008  )  
  SMAD1   4q31  S/C  (Morikawa et al.  2011  )  
  SMAD2   18q21.1  S/C  (Liu et al.  2011  )  
  SMAD3   15q22.3  S/C  (Liu et al.  2011  )  
  SMAD4   18q21.1  S/C  (Kennedy et al.  2011  )  
  SOX1   13q34  S/C  (Fang et al.  2011  )  
  SOX9   17q24.3–q25.1  S/C  (Nishiyama et al.  2009  )  
  STAT3   17q21.31  S/C  (Durant et al.  2010  )  
  TBX21   17q21.3  S/C  (Lu et al.  2011  )  
  TFAP2A   6p24  S/C  (Ramos et al.  2010  )  
  TP63   3q27  S/C  (Kouwenhoven et al.  2010  )  
  ZIC3   Xq26.2  C  (Lim et al.  2010  )  

   a S = ChIP-Seq; C = ChIP-Chip  

http://genome.ucsc.edu/ENCODE
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populations, not all loci have been identi fi ed. Thus, resources are needed to identify 
strong candidates for genes involved in cleft lip and palate. Table  6.4  contains a list 
of criteria for candidate genes and the available resources to address each criterion.   

    6.10   Summary 

 In this chapter, we emphasized the discovery and functional characterization of 
rs642961, a DNA variant near  IRF6  that contributes signi fi cant risk for cleft lip and 
palate. This DNA variant is noteworthy because of its high impact in orofacial cleft-
ing, because its effect was well characterized in vitro, and because the activity of the 
enhancer in which it is located was extremely well characterized in vivo. However, 
there are at least three missing pieces to complete this puzzle. First, what is the 
effect of this DNA variant during palatal development? This is a challenging ques-
tion in humans because the target tissues are early in embryonic development. Thus, 
there are both ethical and technical challenges to overcome. The technical chal-
lenges include collecting enough human fetal samples that have the appropriate 
genotype and then to perform quantitative gene expression measurements from 
highly speci fi c cell types, e.g., periderm and basal epithelium from the oral cavity 
during development of the lip and palate. Mutant murine models would provide a 
reasonable alternative. For example, a transgenic strain could be created that con-
tains the  MCS9.7-LacZ  transgene in which the  MCS9.7  contains the risk allele for 
rs642961. A more elaborate experiment would be to actually create a knockin strain 
that contains the risk allele in its native locus. Careful analysis of these murine 
strains would then allow more directed hypotheses to be tested in human fetuses, 
thereby reducing both ethical and technical challenges. 

 The second missing piece of the  IRF6  puzzle is the effect of the risk allele for 
rs642961 in non-craniofacial tissues. Recall the earlier discussion of the paradox 
whereby the risk allele for rs642961 is common, and yet its effect should have 
strong negative evolutionary pressure. Can this paradox be resolved by compensating 

   Table 6.4    Criteria and resources for discovery of genes involved in cleft lip and palate   
 Criteria  URL 

 Known human gene or locus    www.ncbi.nlm.nih.gov/omim     
   www.genome.gov/gwastudies/     

 Mutant murine strain with cleft    www.informatics.jax.org     
 Expression in human craniofacial tissues    http://humgen.wustl.edu/COGENE     

   www.facebase.org     
 Expression in murine craniofacial tissues 

(e.g., see Fig.  6.3 ) 
   http://www.emouseatlas.org/emap/home.html     
   www.facebase.org     

 Pathway analysis, i.e., gene in same 
pathway as known genes 

   http://david.abcc.ncifcrf.gov/home.jsp     
   www.genome.jp/kegg/     

 SNP database    www.ncbi.nlm.nih.gov/projects/SNP/     

http://www.ncbi.nlm.nih.gov/omim
http://www.genome.gov/gwastudies/
http://www.informatics.jax.org
http://humgen.wustl.edu/COGENE
http://www.facebase.org
http://www.emouseatlas.org/emap/home.html
http://www.facebase.org
http://david.abcc.ncifcrf.gov/home.jsp
http://www.genome.jp/kegg/
http://www.ncbi.nlm.nih.gov/projects/SNP/


116 B.C. Schutte et al.

positive evolutionary pressure through an effect in another tissue? Again, the mutant 
murine models, especially the knockin strain, will provide for important resources 
to address this question. 

 The  fi nal missing pieces of the  IRF6  puzzle are the missing mutations. Speci fi cally, 
where are the disease-causing mutations in the 25% of families with Van der Woude 
syndrome that lack mutations in the coding region? And, where are the additional 
DNA variants that contribute risk for non-syndromic cleft lip and palate? For the 
Van der Woude families, the enhancer element  MCS9.7  is an excellent candidate 
region to  fi nd disease-causing mutations. Also, for both the Van der Woude families 
and for the non-syndromic cleft lip and palate cases, mutations could be identi fi ed 
in other enhancer elements that drive  IRF6  expression. We hypothesize that at least 
one more exists. The rationale for this hypothesis is that the  MCS9.7  enhancer is not 
active in the medial edge epithelium when the palatal shelves are fusing, even 
though endogenous  IRF6  expression is high. Also, previous studies suggest that the 
enhancer activity in the medial edge epithelium is driven by transforming growth 
factor beta 3 (Tgfb3) signaling. Thus, the approaches and resources described in 
Sect.  6.9  are being applied to  fi nd this very important missing piece.      

 Abbreviations  

   D  Np63     N-terminally deleted isoform of  TP63    
  ChIP    Chromatin immunoprecipitation   
  ChIP-Seq    ChIP followed by sequencing   
  ChIP-Chip    ChIP followed by microarray analysis   
  ENCODE    Encyclopedia of DNA Elements   
   FOXE1     Forkhead box E1   
  GWAS    Genome-wide association studies   
   IRF6     Interferon regulatory factor 6   
  Kb    Kilobase   
   MAFB     v-maf musculoaponeurotic  fi brosarcoma oncogene homolog B   
  MCS    Multispecies conserved sequences   
  MEE    Medial edge epithelium   
  MES    Medial edge seam   
   MyoD     Myogenic differentiation 1   
  OMIM    Online Mendelian inheritance of man   
   PDGFC     Platelet-derived growth factor C   
   SATB2     SATB homeobox 2   
  SNP    Single nucleotide polymorphism   
   SOX9     SRY (sex-determining region Y)-box 9   
   TBX22     T-box 22   
   TFAP2A     Transcription factor activator enhancer binding protein 2 alpha   
   TP63     Tumor protein p63    
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  Abstract   Mutations in the coding sequence of  SOX9  cause the severe congenital 
skeletal disorder campomelic dysplasia (CD). A range of genomic lesions in the 
region upstream of the  SOX9  coding sequence are also associated with CD, although 
often with milder phenotypic effects. Studies in humans and animal models suggest 
that these non-coding lesions disrupt  SOX9  expression in speci fi c tissues during 
embryonic development. Several lesions at the  SOX9  locus, including translocations 
and microdeletions greater than 1 Mb upstream of the transcription start site, are 
associated with isolated Pierre Robin sequence (PRS), a craniofacial anomaly that 
is typically one part of the full-blown CD phenotype. In this chapter, we discuss 
how the lesions far upstream of  SOX9  suggest a requirement for craniofacial-speci fi c 
regulatory elements during  SOX9  transcription in embryonic development and how 
the  cis -ruption of these elements alone might result in isolated PRS, an endopheno-
type of CD.  

  Keywords   Pierre Robin sequence  •   SOX9   •  Campomelic dysplasia  •  Craniofacial  
•  Chondrogenesis  •  Enhancer  •  Conserved non-coding element  •  Cranial neural crest  

         7.1   Introduction 

    7.1.1   Pierre Robin Sequence 

 Pierre Robin sequence (PRS; OMIM 261800) is a craniofacial defect characterised 
by mandibular hypoplasia (micrognathia and retrognathia), U-shaped cleft second-
ary palate and glossoptosis (retropositioned tongue) (Fig.  7.1 ). These features result 
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in respiratory and feeding dif fi culties in the postnatal period, typically requiring 
surgical intervention for cleft repair with or without tracheostomy and tube feeding. 
PRS is labelled as a sequence in reference to the theory that a cascade of abnormali-
ties during foetal life would give rise to the phenotype: mandibular hypoplasia 
would lead to the tongue remaining posteriorly placed, resulting in physical obstruc-
tion of the paired palatal shelves and failure of palatal fusion. In this model, a defect 
in mandibular outgrowth would be the initiating pathogenic event. However, given 
that the mesenchymal and connective tissue components of both the palate and 
mandible are derived from cranial neural crest cells, a defect during early cranial 
neural crest production could also cause the PRS phenotype; therefore, in this case, 
PRS could be considered as a syndrome rather than a sequence (Cohen  1999  ) . 
Features consistent with hindbrain dysfunction have also been reported in PRS 
patients, including sucking and swallowing disorders, oesophageal re fl ux and car-
diac rhythm anomalies (Abadie et al.  2002  ) . These models suggest heterogeneity in 
the events that initiate and in fl uence the PRS phenotype.  

fusion of the
palatal  shelves

U-shaped posterior
cleft palate

mandible

micro-or
retrognathia (1)

palate

cleft
palate (3)

tongue

glossoptosis
(2)

Normal Pierre Robin sequence

  Fig. 7.1     A schematic diagram of the developmental defects thought to underlie Pierre Robin 
sequence.  In the normal situation, outgrowth of the mandible allows descent of the tongue and 
fusion of the palatal shelves. In Pierre Robin sequence, reduced mandibular outgrowth ( 1 ) leads to 
retroposition of the tongue ( 2 ), preventing fusion of the palatal shelves and ( 3 ) resulting in a 
U-shaped posterior cleft palate       
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 PRS can occur as an isolated feature or may exist in the context of a syndrome 
(Cohen  1999 ; Holder-Espinasse et al.  2001 ; van den Elzen et al.  2001 ; Evans et al. 
 2006  ) . Isolated PRS is typically sporadic, although a few familial cases have been 
reported. Genetically de fi ned syndromes in which PRS is consistently a feature 
include Treacher Collins syndrome (OMIM 154500), typically caused by mutations 
in Treacher Collins-Franceschetti syndrome 1 ( TCOF1 ), which is required for early 
development of cranial neural crest cells, and velocardiofacial syndrome (OMIM 
192430), caused by microdeletions on 22q11.2 or rare mutations in T-box 1 ( TBX1 ) 
(Yagi et al.  2003  )  (which is located within this chromosomal region), in which the 
development of multiple cell types within the pharyngeal arches is disrupted. 
The genetic bases of several rare disorders in which PRS is a component have 
recently been described. RNA-binding motif 10 ( RBM10 ) mutations were shown to 
cause TARP syndrome ( t alipes equinovarus,  a trial septal defect,  R obin sequence 
and  p ersistent left superior vena cava; OMIM 311900), and expression of  Rbm10  in 
the early branchial arches of mouse embryos is consistent with the PRS component 
of TARP syndrome (Johnston et al.  2010  ) . Mutations in component of oligomeric 
golgi complex 1 ( COG1 ) at 17q25.1 were identi fi ed in two patients with a cerebro-
costomandibular-like syndrome (OMIM 611209) – the phenotype included PRS 
in one patient and micrognathia plus high palate in the other (Zeevaert et al.  2009  ) . 
A translocation disrupting the Fas-associated factor 1 ( FAF1 ) gene at 1p32.3 was 
identi fi ed in a family displaying PRS plus some other mild craniofacial features, 
and experiments in zebra fi sh suggested that  FAF1  may function upstream of SRY 
(sex-determining region Y)-box 9 ( SOX9 ) during development of craniofacial carti-
lages (Ghassibe-Sabbagh et al.  2011  ) . PRS is also observed in a minor proportion of 
patients with lymphedema-distichiasis (OMIM 153400), which is caused by muta-
tions in the transcription factor forkhead box C2 ( FOXC2 ) (Tanpaiboon et al.  2010  ) . 
Mutations in the collagen-encoding genes  COL2A1 ,  COL11A1  and  COL11A2  are 
responsible for syndromic collagenopathies such as Stickler syndrome (OMIM 
108300, 604841, 184840) and, less often, isolated PRS (Melkoniemi et al.  2003  ) . 
PRS is also frequently a component of campomelic dysplasia (CD), caused by 
mutations in  SOX9  on chromosome 17q24.3 (OMIM 114290).  

    7.1.2   SOX9: Roles in Embryonic Development 
and Congenital Disease 

 SOX factors constitute a family of transcriptional regulators that bind DNA via the 
high-mobility group (HMG) domain and play key roles during many embryonic 
events.  SOX9  is expressed in several developing organs in human and mouse 
embryos (Wright et al.  1995 ; Ng et al.  1997 ; Zhao et al.  1997 ; Benko et al.  2009 ; 
Pritchett et al.  2010  ) . Targeted deletion of  Sox9  in mice has revealed essential func-
tions in a number of tissues including the heart, central nervous system, notochord, 
skeleton, testis, pancreas, gut and inner ear (Stolt et al.  2003 ; Akiyama et al.  2004a ; 
Barrionuevo et al.  2006a ; Barrionuevo et al.  2006b ; Bastide et al.  2007 ; Seymour 
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et al.  2007 ; Barrionuevo et al.  2008  ) . During chondrogenesis,  Sox9  is required for 
mesenchymal condensation as well as subsequently for cartilage differentiation 
(Bi et al.  1999,   2001 ; Akiyama et al.  2002 ; Barna and Niswander  2007  ) .  Sox9  also 
plays an important role in neural crest production (Spokony et al.  2002 ; Cheung 
et al.  2005 ; McKeown et al.  2005 ; Sakai et al.  2006  ) , and knockout mice have indi-
cated that  Sox9  is essential for development of craniofacial structures (Bi et al. 
 2001 ; Kist et al.  2002 ; Mori-Akiyama et al.  2003  ) .  

    7.1.3   Campomelic Dysplasia and Acampomelic 
Campomelic Dysplasia 

 The discovery of mutations within the coding sequence of  SOX9  in CD patients, as 
well as the identi fi cation of upstream translocation breakpoints, revealed a critical 
role for  SOX9  in human skeletal and testis development (Foster et al.  1994 ; Wagner 
et al.  1994  ) . Features that have been described in CD patients are campomelia 
(bowing of the long bones, predominantly in the lower limbs), hypoplasia of the 
scapulae, abnormal development of the pelvic bones, congenital dislocation of the 
hips, hypomineralised thoracic pedicles, abnormal cervical vertebrae, a small 
chest, a missing pair of ribs, scoliosis and/or kyphosis, respiratory distress, talipes 
equinovarus (clubfeet), delayed ossi fi cation of epiphyses, short  fi rst metacarpals, 
XY sex reversal, relative macrocephaly, midface hypoplasia,  fl at nasal bridge, low-
set ears, PRS, absence of the olfactory tract, congenital heart disease and renal 
abnormalities (Mansour et al.  1995  ) . Death typically occurs in the postnatal period 
due to respiratory compromise. For patients harbouring genomic lesions upstream 
of the  SOX9  coding sequence, the severity of the phenotype is variable. For trans-
location breakpoints falling less than ~375 kb upstream (proximal translocation 
breakpoint cluster in Fig.  7.2 ), there is a tendency for campomelia and XY sex 
reversal to be present, while breakpoints ~932–789 kb upstream (distal translocation 
breakpoint cluster in Fig.  7.2 ) result in a phenotype without campomelia and a lower 
incidence of abnormal sex development (Foster et al.  1994 ; Wagner et al.  1994 ; 
Ninomiya et al.  1996 ; Wirth et al.  1996 ; Wunderle et al.  1998 ; Pfeifer et al.  1999 ; 
Hill-Harfe et al.  2005 ; Velagaleti et al.  2005 ; Leipoldt et al.  2007 ; Refai et al. 
 2010  ) . These latter cases are referred to as acampomelic campomelic dysplasia 
(ACD). Hypomorphic point mutations within the  SOX9  coding sequence can also 
give rise to ACD (Staf fl er et al.  2010  ) . Despite the absence of campomelia, fea-
tures affecting the axial skeleton and face, such as scoliosis, scapular hypoplasia, 
pelvic abnormalities and PRS, are still frequently observed in ACD. The reduced 
severity of phenotype with more distant translocation breakpoints suggests that a 
greater proportion of the genomic domain controlling  SOX9  expression remains 
intact. Several large deletions upstream of  SOX9  associated with phenotypes 
milder than full-blown CD have also been described, and these cases provide sup-
port for the loss of speci fi c regulatory sequences, as opposed to the possibility that 
the translocation cases induce non-speci fi c position effects (Pop et al.  2004 ; 
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Lecointre et al.  2009 ; White et al.  2011  ) . Interestingly, large duplications upstream 
of  SOX9  have recently been reported in patients with anonychia-brachydactyly 
(Kurth et al.  2009  ) . Although nail and digit anomalies can occur in CD patients, it 
is currently unclear why these large duplications result in such a limited 
phenotype.    

    7.2   Tissue-Speci fi c  Cis -Regulatory Elements at the  SOX9  Locus 

 Enhancers situated at a large distance 5 ¢  or 3 ¢  from the proximal promoter of a 
target gene are thought to regulate tissue- and stage-speci fi c transcription, and this 
may be achieved by a range of mechanisms (Bulger and Groudine  2011  ) . At the 
 SOX9  locus, a number of tissue-speci fi c regulatory elements have been identi fi ed 
via reporter assays in transgenic mice. In an early study, a large portion of the 
endogenous  Sox9  expression pattern was reproduced by  lacZ  expression driven 
by 350 kb of genomic sequence upstream of  SOX9  but not by 75 kb of upstream 
sequence, suggesting that enhancers were indeed spread over a large genomic 
range (Wunderle et al.  1998  ) . The larger transgene tested by Wunderle et al. 
 (  1998  )  drove expression in developing skeletal tissues, consistent with the fact 
that several CD patients harbour translocation breakpoints that would remove 
from the  SOX9  locus at least part of the regulatory domain contained within the 
transgene. Comparison of non-coding genomic sequence between vertebrate spe-
cies separated by large evolutionary distance has identi fi ed many conserved non-
coding elements (CNEs) in the human genome, and several candidate  cis -regulatory 
elements in the region surrounding  SOX9  have been identi fi ed and validated using 
enhancer assays in transgenic mice, following such analysis (Bagheri-Fam et al. 
 2001,   2006  ) . For example, Bagheri-Fam et al.  (  2006  )  demonstrated that a CNE 
251 kb upstream of  SOX9  drove  lacZ  expression speci fi cally within cranial neural 
crest cells, branchial arch mesenchyme and the otic vesicle (E3 in Fig.  7.2 ). They 
also showed that another CNE, 95 kb downstream of  SOX9 , drove  lacZ  expres-
sion in the telencephalon and midbrain (E7 in Fig.  7.2 ) (Bagheri-Fam et al.  2006  ) . 
An enhancer that drives reporter expression in the male gonad has also been 
identi fi ed ( TESCO ; testis-speci fi c enhancer of  Sox9  core), ~10 kb upstream of the 
 Sox9  promoter (Fig.  7.2 ) (Sekido and Lovell-Badge  2008  ) . The transcription fac-
tors sex-determining region Y (Sry; the male sex determination factor), steroido-
genic factor 1 (Sf1) and Sox9 were shown to bind this testis enhancer in a dynamic 
fashion. Interestingly, the XY sex reversal cases associated with translocation 
breakpoints upstream of  SOX9  do not remove  TESCO  from the  SOX9  locus, sug-
gesting either that other essential gonad enhancers exist further upstream, that 
 TESCO  function requires the presence of other general (i.e. not necessarily testis-
speci fi c) upstream enhancers or that the distant lesions alter chromatin structure 
at the  SOX9  locus in such a way as to have a negative, indirect in fl uence on the 
function of  TESCO .  



1297  Cis -Regulatory Disruption at the     SOX9  Locus as a Cause…

    7.3   Isolated PRS at the  SOX9  Locus 

 All reported translocation breakpoints less than 1 Mb upstream of  SOX9  result in a 
phenotype resembling either full-blown CD, or at least some anomalies of the axial 
skeleton and face, in ACD cases. Recently, a cluster of breakpoints further upstream 
than 1 Mb have been described in patients with isolated PRS (Jakobsen et al.  2007 ; 
Benko et al.  2009  ) . The four translocation breakpoints fall 1.23–1.03 Mb upstream 
of  SOX9  (PRS translocation breakpoint cluster in Fig.  7.2 ), within the 1.9 Mb gene 
desert between  SOX9  and the nearest centromeric gene, potassium inwardly 
rectifying channel subfamily J member 2 ( KCNJ2 ). Benko et al.  (  2009  )  employed 
high-density array comparative genomic hybridization (CGH) to screen other non-
syndromic PRS patients for microdeletions in the genomic region surrounding 
 SOX9 . They identi fi ed two deletions situated further upstream than the PRS translo-
cation breakpoint cluster, with 75 kb deleted in one familial case (F1 in Fig.  7.2 ) and 
>319 kb deleted in a sporadic case (Sp4 in Fig.  7.2 ), and one deletion of 36 kb at 
1.52 Mb telomeric to  SOX9  in another sporadic case (Sp2) (not shown). Of these 
three deletions, F1 had the strongest association with isolated PRS, given that it 
segregates with several affected family members. A single base variant was also 
detected in another PRS family (family F2); this variant falls within a CNE 
(HCNE-F2 in Fig.  7.2 ) in the region deleted in the F1 case. In vitro, the variant 
sequence modi fi ed the binding of MSX1, which is required for orofacial growth and 
patterning in humans and mice (Satokata and Maas  1994 ; van den Boogaard et al. 
 2000  ) . Although this variant was absent from a collection of control patients (Benko 
et al.  2009  ) , it has recently been reported as a single nucleotide polymorphism 
(SNP; rs78542003), appearing in a sample of West Africans. This suggests that the 
variant may not be the sole factor contributing to the PRS phenotype in the F2 fam-
ily and highlights the dif fi culties involved in determining the pathogenicity of any 
non-coding single base variant. 

 The clustering of translocation breakpoints and deletions greater than 1 Mb 
upstream of  SOX9  suggested that one or more enhancers, normally required for 
expression of  SOX9  during the development of tissues affected in PRS patients, may 
have been disrupted by these genomic lesions. To test the craniofacial activity of 
candidate enhancers from the region, transgenic mice were generated with two 
different CNEs driving expression of  lacZ  (HCNE-F2 and 9CE4Z in Fig.  7.2 ), and 
each element displayed activity within the branchial arches (Benko et al.  2009  ) . 
It should be noted that within the region upstream of the PRS translocation break-
point cluster, up to and including the F1-deleted region, there are a lot of other 
highly conserved elements (see the Multiz Alignment track in Fig.  7.2 ), whose regu-
latory activity is currently unknown. It is possible that the PRS phenotype in these 
patients may be the result of the loss of several craniofacial elements and not just 
the two characterised branchial arch enhancers. 

 It has previously been reported that the  SOX9  locus can physically associate 
with genomic regions greater than 1 Mb up- or downstream of the  SOX9  promoter 
(Velagaleti et al.  2005  ) . Benko et al.  (  2009  )  utilised interphase  fl uorescence 
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 in situ  hybridization in mandibular cells expressing  Sox9  in vivo to additionally 
demonstrate long-range chromatin modi fi cations surrounding the  Sox9  locus. 
These experiments support the possibility that the region containing distant 
upstream craniofacial enhancers makes contact with the  SOX9  promoter, via 
long-range looping, to effect appropriate  SOX9  transcription during development. 
A spontaneous mouse mutant,  Odd Sex , in which a transgene insertion ~1 Mb 
upstream of  Sox9  induces ectopic upregulation of  Sox9  in the embryonic gonad of 
females and female-to-male sex reversal, provides further evidence that  Sox9  can 
be transcriptionally regulated by elements situated at a large distance from the 
promoter (Bishop et al.  2000 ; Qin et al.  2004  ) . 

 Studies in mice with a targeted deletion of  Sox9  highlight its essential role during 
craniofacial development. Conditionally deleting  Sox9  in cranial neural crest cells 
results in cleft palate and the absence of cartilage elements that are normally derived 
from the neural crest (Mori-Akiyama et al.  2003  ) . Also, heterozygous deletion of 
 Sox9  in all tissues, or in the cranial neural crest alone, produces the PRS-like phe-
notypes of cleft palate and micrognathia (Bi et al.  2001 ; Kist et al.  2002 ; Mori-
Akiyama et al.  2003  ) . This supports the argument that a reduction in  SOX9  dosage 
in human craniofacial tissue, as is predicted for the patients harbouring transloca-
tions and deletions at the  SOX9  locus, could cause PRS. Conversely, overexpression 
of  Sox9  in chick and mouse embryos also results in abnormal craniofacial develop-
ment (Akiyama et al.  2004b ; Eames et al.  2004  ) , further arguing that precise regula-
tion of  Sox9  expression is required during normal development. Finally, mutations 
in the collagen genes  COL2A1  and  COL11A2  are associated with isolated PRS or 
Stickler syndrome, and each is a direct transcriptional target of SOX9 (Bell et al. 
 1997 ; Lefebvre et al.  1997 ; Bridgewater et al.  1998 ; Liu et al.  2000 ; Suzuki et al. 
 2006  ) . These  fi ndings collectively suggest that the loss of craniofacial enhancers far 
upstream of  SOX9  in patients with isolated PRS causes a reduction of  SOX9  levels 
within chondrogenic mesenchyme of the  fi rst branchial arch, resulting in mandibu-
lar hypoplasia and cleft palate. 

 The data described above are consistent with the hypothesis that PRS arises dur-
ing fetal life as a sequence of events, with the initiating event being mandibular 
hypoplasia. However, one can also imagine that dysregulation of  SOX9  expression 
in other cell types could contribute to the PRS phenotype in patients with lesions far 
upstream of  SOX9 .  SOX9  plays a key role in early neural crest cell production in the 
dorsal neural tube in several animal models, and a de fi cit in expression at this stage 
may result in a failure to populate the branchial arches with adequate numbers of 
neural crest, potentially leading to a simultaneous reduction in growth of both the 
mandible and palate (both of which are  fi rst arch derivatives), as opposed to a phe-
notype solely originating with defective mandibular chondrogenesis. This proposed 
aetiology would be similar to that underlying Treacher Collins syndrome, where 
mutation of  TCOF1 , which is required for generation of cranial neural crest cells in 
mice (Dixon et al.  2006  ) , results in craniofacial defects that include PRS. Also,  Sox9  
is expressed in the mesenchyme of the palate during fusion of the palatal shelves 
(Yamashiro et al.  2004 ; Nie  2006  ) ;  SOX9  dysregulation at this discrete site could 
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plausibly result in the cleft palate component of PRS. Finally, given the theory that 
a brainstem anomaly may be involved in some PRS cases, and that  Sox9  is required 
for production of neural stem cells in the central nervous system (Scott et al.  2010  ) , 
disruption of  SOX9  expression in neural cells cannot be excluded as a mechanism 
contributing to PRS. 

 Dysregulation of  SOX9  expression in craniofacial tissue appears to be the most 
likely cause of isolated PRS in the patients reported in Jakobsen et al.  (  2007  )  and 
Benko et al.  (  2009  ) . However, it remains possible that altered expression of other 
genes in the 17q24.3 region may in fl uence the development of the PRS phenotype. 
The gene desert upstream of  SOX9  is bordered by  KCNJ2  (see Fig.  7.2 ), which 
codes for an inward-rectifying potassium channel involved in the maintenance of 
resting membrane potential in muscle (Jongsma and Wilders  2001  ) .  KCNJ2  coding 
sequence mutations, which are thought to function as dominant negatives (Preisig-
Muller et al.  2002  )  cause Andersen syndrome (OMIM 170390), which is character-
ised by cardiac arrythmias, periodic paralysis and dysmorphic features that 
occasionally include micrognathia and cleft palate (Plaster et al.  2001 ; Tristani-
Firouzi et al.  2002 ; Donaldson et al.  2003 ; Yoon et al.  2006  ) . Mice homozygous null 
for  Kcnj2  display cleft secondary palate (Zaritsky et al.  2000  ) , and the possibility 
that alteration of  KCNJ2  expression, due to disruption of its regulatory elements, 
contributes to isolated PRS cannot currently be excluded. 

 In the region downstream of  SOX9 , a deletion at 1.52 Mb from the  SOX9  pro-
moter was reported in association with a sporadic case of isolated PRS (Sp2) (Benko 
et al.  2009  ) . Also, a translocation breakpoint at ~1.3 Mb downstream (albeit in the 
context of cytogenetic anomalies on other chromosomes) was identi fi ed in a patient 
displaying ACD, XY sex reversal and PRS (Velagaleti et al.  2005  ) . Although it 
could be speculated from these data that other craniofacial enhancers for  SOX9  may 
exist far downstream, this scenario is complicated by the fact that a number of genes 
fall within the 1.5-Mb region downstream of  SOX9 . Indeed, a splicing mutation in 
one of these genes,  COG1 , results in a skeletal dysplasia that has similarities to 
cerebrocostomandibular syndrome and includes PRS as part of the phenotype 
(Zeevaert et al.  2009  ) . Also, sidekick homolog 2 ( SDK2 ), which lies adjacent to the 
Sp2 deletion, is speci fi cally expressed in cartilage (Day et al.  2009  ) . Therefore, tran-
scriptional dysregulation of  COG1  or  SDK2 , which are closer to the Sp2 deletion 
than  SOX9 , should also be considered as a pathogenic mechanism. It is also possible 
that a given enhancer may not just regulate one gene but could regulate multiple 
genes within a region. Given the ability of some enhancers to function over a large 
genomic range, it is a dif fi cult task to de fi nitively ascribe a target gene to any given 
enhancer. Perhaps, the ultimate test of the contribution of  SOX9  dysregulation to the 
PRS phenotype would involve analysis of mice harbouring a targeted deletion of the 
regulatory elements presumed to drive  Sox9  expression during craniofacial develop-
ment. If disruption of  SOX9  expression really is the sole cause of the PRS phenotype 
in the patients reported by Jakobsen et al.  (  2007  )  and Benko et al.  (  2009  ) , such mice 
should phenocopy human PRS, accompanied by alteration of  Sox9  expression in 
craniofacial tissue, without dysregulation of neighbouring genes in the region.  
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    7.4   Perspectives 

 The number of highly conserved non-coding elements in the ~1.5-Mb region 
upstream of  SOX9  suggests that there may exist many more enhancers than that 
already discovered. Some of the major questions regarding  cis -regulation of  SOX9  
are as follows: how many enhancers are capable of driving expression in any one 
cell type, and of these, are they all essential or is there some redundancy amongst 
similar enhancers? There is evidence for enhancer redundancy for other  Sox  genes, 
where transgenic assays using elements from the  Sox10  or  Sox2  loci indicate spa-
tially overlapping activity of separate enhancers (Uchikawa et al.  2003 ; Werner 
et al.  2007 ; Antonellis et al.  2008  ) . Do multiple elements with activity in the same 
tissue communicate with each other and the  SOX9  promoter simultaneously, per-
haps having an additive effect? It is also unclear how the different tissue-speci fi c 
regulatory activities upstream of  SOX9  are co-ordinated in the 3D space of the 
nucleus. Enhancers with different activities may be randomly dispersed on linear 
genomic DNA, or there may be clusters of enhancers for particular tissues. Thus far, 
the craniofacial regulatory activities appear dispersed – they exist between the  SOX9  
promoter and 350 kb upstream (Wunderle et al.  1998 ; Bagheri-Fam et al.  2006 ; 
Sekido and Lovell-Badge  2008  ) , and also greater than 1 Mb upstream (Benko et al. 
 2009  ) . The distant upstream lesions may result in isolated PRS if there is a higher 
density of craniofacial enhancers in the disrupted region than those for other tissues. 
It is also possible that mandibular outgrowth is more sensitive to slight reductions in 
 SOX9  expression levels than other tissues and that the distant upstream lesions in 
isolated PRS patients disrupt  SOX9  transcription in a mild, non-speci fi c fashion, 
giving rise to an apparently tissue-speci fi c defect. 

 PRS is likely to be genetically heterogeneous. Although many mice with targeted 
deletion of coding genes display PRS-related features, these are typically in the 
context of a phenotype affecting multiple organs. Similarly in humans, PRS usually 
occurs as part of a multi-system disorder when associated with lesions in coding 
genes. For the many cases of unexplained isolated PRS, perhaps disruption of regu-
latory non-coding DNA surrounding pleiotropic developmental genes is the under-
lying cause, as for the lesions at the  SOX9  locus.      

 Abbreviations  

  ACD    Acampomelic campomelic dysplasia   
  CD    Campomelic dysplasia   
  CGH    Comparative genomic hybridization   
  CNE    Conserved non-coding element   
  HMG    High-mobility group   
  Mb    Megabase   
  PRS    Pierre Robin sequence   
   SOX9     SRY (sex-determining region Y)-box 9    
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  Abstract   Moderate to profound deafness is a common sensory de fi cit that is 
estimated by the World Health Organization to affect more than 275 million people 
worldwide (WHO 2010). The etiology of hearing loss is varied and can include 
environmental noise, physical trauma to the head, infections, ototoxic compounds, 
and the natural aging process. Heritable hearing loss segregating as a Mendelian 
trait is thought to constitute but a fraction of cases; nonetheless, its study has yielded 
rich information about the biology of hearing and its pathophysiology. This chapter 
is a critical review of gene regulation in the auditory system and draws upon the 
dissection of human hereditary nonsyndromic hearing loss and relevant animal 
models. This body of work encompasses mutant alleles of transcription factors, 
promoters, long-range enhancers, and microRNAs that have been associated with 
hearing loss including genes such as  ESSRB ,  EYA4 ,  GRHL2 ,  HGF ,  MIR96, POU3F4 , 
and  POU4F3 . At the conclusion of this chapter, we speculate how future studies can 
capitalize on new sequencing technologies to broaden our knowledge of gene regu-
lation in both normal hearing and deafness.  

  Keywords   Deafness  •  Cochlea  •  DFNA  •  DFNB  •  DFNX  •   POU4F3   •   POU3F4   
•   EYA4   •   MIR96   •   GRHL2   •   HGF   •   ESRRB   

         8.1   Introduction 

 Hearing is a complex sensory phenomenon that couples the initial detection of 
sound with extensive neural processing in the brainstem and auditory cortex. The 
overall performance of this system is truly remarkable, both in terms of sound 
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selectivity and sensitivity. The human auditory system can detect sound over a wide 
range of frequencies, 20 Hz–20 kHz, and yet still discriminate subtle perturbations 
of a few hertz. The system is also sensitive enough to perceive sound pressure 
changes as small as 20 micropascals, a  fl uctuation  fi ve billion times smaller than 
atmospheric pressure. Much of this performance is due to the exquisite operation of 
the cochlea, the sensory end organ that transduces sound into neural impulses. 

 Sound waves initially enter the ear via the external auditory canal where they 
displace the tympanic membrane (Fig.  8.1a ). Oscillations of the tympanic mem-
brane are coupled through the middle ear via the ossicular chain, a triad of tiny 
bones that create an impedance transformer to maximize energy transfer. The  fi nal 
bone in the ossicular chain, the stapes, contacts the oval window and conducts sound 
energy directly into the cochlea, a coiled, snail-like structure that is completely 
encased within the temporal bone (Fig.  8.1b ). The cochlea is partitioned into three 
 fl uid- fi lled compartments, the scala media, vestibuli, and tympani. A  fl exible, col-
lagenous basilar membrane separates the scala tympani from the scala media, such 
that incident sound energy entering through the oval window displaces the scala 
vestibuli and sets up oscillations of the basilar membrane. The mechanics of the 
basilar membrane vary along the length of the cochlea, the so-called tonotopic axis, 
such that high and low frequencies are resonant at the base and apex, respectively. 
By stimulating unique portions of the basilar membrane in a frequency-dependent 
manner, the cochlea effectively behaves like a spectral analyzer, separating sounds 
into their fundamental frequency components. An intricate mechanosensor, the 
organ of Corti, sits atop the basilar membrane and detects these frequency-coded 
displacements (Fig.  8.1c ).  

  Fig. 8.1     Structure of the human peripheral auditory system.  ( a ) Sound waves enter through the 
external ear and cause the tympanic membrane to vibrate. Ossicles in the middle ear amplify and 
transmit displacements from the tympanic membrane to the cochlea. ( b ) A cross section of the 
cochlea reveals three  fl uid- fi lled compartments, the scala media, tympani, and vestibuli. ( c ) A 
zoomed-in view of a single cochlear turn. The organ of Corti contains the inner and outer sensory 
hair cells. Stereocilia protrude from the apex of hair cells and are bathed in a potassium-rich endo-
lymph contained within the scala media. Displacement of the organ of Corti relative to the tectorial 
membrane de fl ects stereocilia and opens mechanically gated ion channels that depolarize the hair 
cell. Inner hair cells receive primarily afferent innervation from the spiral ganglion neurons that 
ultimately synapse in brainstem cochlear nucleus. Outer hair cells exhibit somatic motility that 
forms part of the cochlear ampli fi er. This  fi gure was modi fi ed with permission from Gregory 
Frolenkov (Frolenkov et al.  2004  )        
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 The organ of Corti is composed of hair cells, the primary sensory receptors cells 
of the inner ear, and a variety of nonsensory supporting cells. Hair cells are further 
classi fi ed as either inner or outer hair cells, each displaying distinct specializations 
that contribute toward the overall functioning of the cochlea (reviewed by Fettiplace 
and Hackney  2006  ) . One of the most widely studied are the mechanosensitive 
“hairs,” more correctly called stereocilia, that emerge from the cell surface and con-
vert mechanical displacements into electrical currents. Displacements of a few 
nanometers are suf fi cient to gate ion channels at the tips of individual stereocilia 
and modulate cation  fl ux into the hair cell. The resulting membrane depolarization 
drives neurotransmitter release at the basal pole of the hair cell and stimulates affer-
ent neurotransmission to the brainstem cochlear nucleus via the eighth cranial nerve. 
Another remarkable hair cell specialization is somatic motility, a property where 
outer hair cells change length cyclically as their receptor potential oscillates. Somatic 
motility allows outer hair cells to expend energy and do work to compensate for 
mechanical losses within the basilar membrane, thus allowing smaller signals to be 
detected. These are just two of the many specializations that endow the cochlea with 
its unique properties. 

 Genetic analyses of human hereditary deafness have contributed many of the 
seminal insights into hair cell biology and cochlear physiology (reviewed by 
Richardson et al.  2011  ) . At the core of this effort has been the ascertainment of large 
human pedigrees segregating an abnormal hearing phenotype inherited as a mono-
genic disorder. Subsequent genetic mapping using STR (short tandem repeats) or 
SNP (single nucleotide polymorphism) markers attempts to identify a speci fi c 
 chromosomal interval (locus) that associates with the hearing loss phenotype. Once 
de fi ned, DNA sequencing is then used to identify potential pathological variants 
(causative mutations) within that locus. In every complex hearing organism ame-
nable to genetic analysis, inherited hearing loss has been found to be highly geneti-
cally heterogeneous. To date, there are 115 human chromosomal loci that have been 
genetically mapped and published for hearing loss inherited as the exclusive trait 
(phenotype), which is referred to as nonsyndromic deafness. This is distinct from 
syndromic deafness, where hearing loss forms part of a more complex phenotype 
affecting multiple organ systems (Toriello et al.  2004  ) . Approximately 55 nonsyndro-
mic deafness genes with causative mutations have been identi fi ed to date (see the 
Hereditary Hearing Loss Homepage:   http://hereditaryhearingloss.org    ), and thus, 
much work remains to uncover those underlying the remaining 60 nonsyndromic 
loci. A summary of mutations associated with a wide variety of human disorders, 
including hereditary deafness, is available from the Human Gene Mutation Database 
(  http://www.biobase-international.com/product/hgmd    ). The wild-type functions of 
nonsyndromic and syndromic deafness genes identi fi ed to date are diverse. The prod-
ucts of these genes include molecular motors, cell-cell adhesion molecules, ion chan-
nels, and cytoskeleton-associated proteins as well as transcription factors/coactivators. 
Without exception, the identi fi cation of each of these genes has lent new understand-
ing or in some cases unveiled a completely new aspect of inner ear biology. 

 Experimental animal models not only reinforce the  fi nding that a bona  fi de human 
deafness gene or its noncoding regulatory variant has been correctly identi fi ed; they 
also provide a biological system in which to study the function of the wild-type gene 

http://hereditaryhearingloss.org
http://www.hgmd.cf.ac.uk/ac/index.php
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and the pathophysiology of deafness. In particular, mice and zebra fi sh have become 
popular models with which to study the biology of hearing. In mice, mutations caus-
ing hearing loss often arise spontaneously, and mutagenesis screens have been over-
whelmingly successful in providing additional variants of known and novel deafness 
genes. In zebra fi sh, large-scale mutagenesis screens have identi fi ed genes involved 
in hearing, balance, and altered sensitivity to ototoxic drugs (Nicolson et al.  1998 ; 
Owens et al.  2008  ) . By comparison, human geneticists map and identify deafness 
genes by taking advantage of the billions of families around the world, a small 
percentage of which are segregating hearing loss as a Mendelian disorder. 

 As gene identi fi cation progresses, it is likely we will approach an upper limit on the 
number involved in hereditary deafness. Cataloging the totality of genes involved in 
deafness is an important goal, yet ignoring for one moment the gargantuan task of 
discovering the cell biology speci fi c to each of these gene products, we also need to 
understand how their expression is regulated throughout development and adult life. 
In this regard, seminal contributions have been made regarding the mechanisms of gene 
regulation during auditory system development, and we provide references to a few of 
several notable reviews (Chatterjee et al.  2010 ; Cotanche and Kaiser  2010 ; Friedman 
and Avraham  2009 a; Kelley and Wu  2005 ; Soukup  2009  ) . Of particular clinical rele-
vance is the idea that gene regulation might be therapeutically manipulated to prevent 
or ameliorate deafness and potentially even restore hearing to deaf individuals. 

 Hair cells within the cochlea are fragile and prone to damage by excessive noise, 
ototoxic drugs, and aging (reviewed by Henderson and Bielefeld  2008 ; Ohlemiller 
and Frisna  2008 ; Rybak et al.  2008  ) . The capacity of hair cells to tolerate insult and 
undergo subsequent repair is not well understood, though in cases of severe trauma, 
hair cells die and are removed from the organ of Corti. The adult mammalian cochlea 
is unable to replace hair cells, and the loss of signi fi cant numbers of hair cells results 
in permanent deafness. This is in striking contrast to birds,  fi sh, and reptiles, where 
hair cells are readily replaced through a combination of supporting cell division and 
direct trans-differentiation (reviewed by Warchol  2011  ) . Hair cell regeneration is an 
exciting example where manipulating existing gene regulatory pathways may have 
clinical utility for reversing hearing loss. The process of hair cell regeneration pre-
sumably recapitulates some of the earlier gene regulatory events that normally occur 
during development, and the identi fi cation of these is an active area of research 
(Alvarado et al.  2011 ; Hawkins et al.  2007,   2006  ) . Another example is the phenom-
enon of cochlear preconditioning, where a moderate exposure to sound itself can 
provide an extended, protective effect against subsequent noise traumas (Niu and 
Canlon  2002  ) . Might the gene regulatory pathways induced under these conditions 
be harnessed to protect hair cells? 

 This chapter focuses on what is known about gene regulation, marshaled from 
studies of mutations causing human nonsyndromic deafness inherited as a dominant 
or a recessive trait; syndromic deafness genes are only brie fl y touched upon in this 
chapter. We have taken a broad de fi nition of gene regulation to include transcription 
factors and their transcriptional  cis -acting elements and target genes, in addition to 
mutations that disrupt promoters, enhancers, repressors, microRNAs, and the gene 
regulatory networks in which they operate.  
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    8.2   Nonsyndromic Deafness DFNA15 Caused 
by Mutations of  POU4F3  

 Twelve members of a large  fi ve-generation Jewish family of Libyan descent were 
diagnosed with progressive hearing loss that segregated as an autosomal dominant 
trait. The age of onset was especially variable and  fi rst reported at 18–30 years of age 
(Avraham  2000 ; Vahava et al.  1998  ) . Intrafamilial phenotypic variation such as this 
can be dif fi cult to explain given that all of the affected individuals have the same major 
gene mutation. Phenotypic variability (severity, age of onset, degree of pleiotropy) 
of affected members within a family is common, and the causes are of general 
 interest. Subjectivity explains some of the variation inherent to determining the age 
of hearing loss onset; a small initial hearing loss in adolescence is unlikely to be 
noticed or may be misremembered. Other explanations for inter- and intrafamiliar 
phenotypic variation are differences in genetic background, epigenetic changes, and 
environmental factors that modify the rate of hearing loss and/or severity of the 
fully evolved disorder. 

 A genome-wide screen using STRs revealed a novel deafness locus, designated 
 DFNA15  (MIM #602459) that was mapped to chromosome 5q31–q33 in this family. 
Many genes are included in this 25 cM (centimorgan) interval, and a number were 
ranked as likely candidates based upon their expression in the auditory system, or 
not. Notably, there was already a mouse deafness gene [POU class 4 homeobox 3 
( Pou4f3 )] for which the human ortholog mapped to chromosome 5q31 in the 
 DFNA15  locus (Vahava et al.  1998  ) .  Pou4f3  is expressed in postmitotic auditory and 
vestibular hair cell nuclei, and a homozygous targeted deletion of  Pou4f3  resulted in 
a completely deaf mouse (Erkman et al.  1996 ; Hertzano et al.  2004 ; Xiang et al. 
 1997  ) . The  POU4F3  (MIM #602460) gene is comprised of two exons and encodes 
a transcription factor that has dual DNA-binding sites, a POU domain and a POU 

H
  

(POU homeodomain) (Wegner et al.  1993  ) . Depending on the downstream target 
gene, the cell type, and physiological context, POU transcription factors can act 
either as transcriptional activators or repressors (Budhram-Mahadeo et al.  1996 ; 
Dawson et al.  1996 ; Phillips and Luisi  2000  ) . 

 The two exons of  POU4F3  were sequenced and all affected members of this 
family were found to be carriers of an eight base pair (bp) deletion located in exon 
2. This mutation caused a translational frameshift that results in the inclusion of 
four missense amino acids followed by a premature stop codon. The predicted 
mutant protein, if synthesized and stable, would terminate in the POU 

H
  domain. 

A truncating mutation is unlikely to be a benign polymorphism, although there are 
such examples in the literature for other genes. To examine whether the 8 bp dele-
tion was a common polymorphism, exon 2 of  POU4F3  was sequenced in ethnically 
matched hearing individuals, but no carriers of this allele were detected in over 200 
chromosomes (Vahava et al.  1998  ) . 

 DFNA15 deafness appears to be a rare form of progressive deafness, but it is 
not restricted solely to the initial Israeli family. Collin and coauthors reported a 
dominant missense mutant allele (p.L289F) in the POU 

H
  domain of  POU4F3  that 

segregated in a large Dutch family with 32 affected individuals that was not present 
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in 200 control chromosomes. Substitution of phenylalanine for leucine alters the 
DNA binding properties of the POU 

H
  domain (Collin et al.  2008a  ) . All of the mutant 

 POU4F3  alleles reported to date are dominant and associated with progressive hear-
ing loss (Lee et al.  2010  ) . Without additional data, the pathogenicity of these alleles 
could be due either to haploinsuf fi ciency, a gain of function, or a dominant-negative 
process that interferes with the maintenance of hearing. Addressing this question, 
Weiss and coauthors examined the ability of in vitro synthesized wild-type and trun-
cated mutant POU4F3 to bind the DNA sequence ATAATTAAT in an electropho-
retic mobility shift assay (EMSA), an assay used to detect protein-nucleic acid 
interactions. The ATAATTAAT oligonucleotide is a POU DNA-binding target 
(Weiss et al.  2003  ) . In this assay, truncated POU4F3 failed to bind and shift the 
mobility of the ATAATTAAT oligonucleotide. Also reported in this study were dif-
ferences in stability, ability to activate transcription, and altered intracellular distri-
bution of the mutant protein, indicating that several molecular defects caused by 
one copy of truncated POU4F3 may contribute to the DFNA15 phenotype. 

 There are no reported dominant mutant alleles of mouse  Pou4f3  that recapitulate 
the progressive human DFNA15 hearing loss phenotype. Unlike the dominant 
mutant alleles of  POU4F3  in humans, a deletion of mouse  Pou4f3  is recessive. 
Homozygous mutant ( Pou4f3  −/− ) hair cells develop, although never fully mature, 
and they undergo apoptosis at embryonic day 17 (E17). This indicates that POU4F3 
is not necessary for hair cell fate speci fi cation or early differentiation events but 
rather appears to be required for terminal differentiation and survival of hair cells. 
As a result, the sensory epithelium of the neonatal organ of Corti appears to be 
devoid of hair cells when examined for stereocilia bundles by scanning electron 
microscopy (Erkman et al.  1996 ; Xiang et al.  1998  ) . A similar phenotype was 
observed for mice homozygous for the  Pou4f3   ddl   allele that has a two nucleotide 
frameshifting deletion in exon 2 (Hertzano et al.  2004  ) . 

 Several studies have reported transcriptional targets of POU4F3. Inner ears from 
 Pou4f3   ddl/ddl   mice were used in a global gene expression pro fi ling study that identi fi ed 
 G fi 1 , a nuclear zinc  fi nger transcription factor, also known as growth factor indepen-
dence 1, as a direct or indirect downstream target of  Pou4f3  regulation (Hertzano 
et al.  2004  ) . In the absence of POU4F3,  G fi 1  expression is downregulated, and  G fi 1  
mutant mice are deaf. Only outer hair cells die in  G fi 1 -de fi cient mice, recapitulating 
part of the phenotype of  Pou3f4- de fi cient mice (Wallis et al.  2003  ) . Interestingly, 
inner hair cells and vestibular hair cells survive longer in  G fi 1  mutant mice com-
pared to  Pou3f4  mutant mice, indicating that additional POU4F3-regulated genes 
in fl uence survival in these speci fi c cell types. 

 A LIM domain transcription factor expressed in hair cells, LIM homeobox 3 
( Lhx3 ), was also identi fi ed as a gene regulated by POU4F3 (Hertzano et al.  2007  ) . 
The hearing phenotype of mature  Lhx3   −/−   mice was not reported, as homozygosity 
for this allele results in death around birth (postnatal day 0). However, since the 
cochlea is already signi fi cantly developed during embryogenesis, albeit not yet fully 
functional, the authors examined the sensory epithelium and hair cells from E15.5 
embryos cultured in vitro. Though immature, cultured cochleae from E15.5  Lhx3   −/−   
embryos appeared grossly normal, indicating that other members of the  Lhx  family 
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can compensate for the loss of LHX3 or that the phenotype is subtle enough not to 
be evident by anatomical observations alone. It is possible that LHX3 is irrelevant 
for inner ear function but nevertheless regulated by  Pou4f3 , yet this appears unlikely 
given human genetic evidence from small pedigrees and singletons. Recessive loss-
of-function nonsense and missense mutations of  LHX3  are associated with a 
syndrome characterized by bilateral sensorineural hearing loss, hypopituitarism, 
and cervical abnormalities (MIM 600577) (Bon fi g et al.  2011 ; Rajab et al.  2008  ) . 
A mouse model is now needed to con fi rm this association and provide insight to the 
cochlear pathophysiology. Embryonic lethality in  Lhx3   −/−   embryos can hopefully be 
circumvented using a conditional  Lhx  allele in combination with cochlear-speci fi c 
expression of Cre recombinase to obtain a restricted deletion of  Lhx . 

 Another target of POU4F3 is  Caprin1  (cell cycle-associated protein 1; cytoplas-
mic activation and proliferation-associated protein 1), which was identi fi ed by sub-
tractive RNA hybridization using OC-2 cells, a cell line derived from the embryonic 
sensory epithelia of the immortomouse (Rivolta et al.  1998 ; Towers et al.  2011  ) . The 
immortomouse carries a transgene encoding a temperature-sensitive mutation of the 
SV40 large T antigen that binds p53 at the permissive temperature of 33°C permit-
ting immortalization of cells that are otherwise dif fi cult to grow in vitro (Whitehead 
and Robinson  2009  ) . Using immortomouse-derived OC-2 cells,  Caprin1  mRNA 
was found to be reduced when  Pou3f4  was overexpressed and conversely was 
enhanced when  Pou4f3  was targeted for degradation using antisense RNA, suggest-
ing that it is repressed by  Pou4f3  (Towers et al.  2011  ) . The function of CAPRIN1 in 
the cochlea remains unknown, although it was shown to associate with hair cell 
RNA stress granules in response to treatment with neomycin, an ototoxic aminogly-
coside antibiotic. These data indicate that CAPRIN1 may be involved in a cellular 
stress response pathway, though the functional relevance of this association remains 
to be demonstrated in an animal model. 

 These combined studies support an exciting hypothesis that  Pou4f3  regulates a 
hair cell survival pathway. The future challenge will be to understand how POU4F3, 
and its known target genes  G fi I ,  Lhx3 , and  Caprin1 , function to promote hair cell 
survival. Do they regulate hair cell death pathways directly or perhaps work indi-
rectly by modulating metabolic or antioxidant gene expression? Determining this will 
require the identi fi cation of additional POU4F3 effector genes as well as understand-
ing how heterodimerization in fl uences transcriptional activity. The study of this larger 
network promises to reveal how POU4F3 exerts its protective effects and is an excel-
lent example where gene regulation might be manipulated clinically to preserve hair 
cells during normal aging or following environmental or pharmacological insult.  

    8.3   Mutations of  POU3F4  Cause Sex-Linked Nonsyndromic 
Deafness DFNX2 

 Five loci for nonsyndromic deafness have been mapped to the X chromosome 
( DFNX1 - DFNX5 ). Currently, only mutations in three genes [phosphoribosyl pyro-
phosphate synthetase 1 ( PRPS1 ,  DFNX1 ); POU class 3 homeobox 4 ( POU3F4 ; 
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 DFNX2 ); small muscle protein, X-linked ( SMPX ,  DFNX4 )] have been reported. 
Recessive mutations at the  DFNX2  locus (previously designated  DFN3 ) are the 
most common cause of sex-linked deafness although  DFNX2  alleles overall are 
responsible for only a small percent of human nonsyndromic deafness. DFNX2 is 
characterized by rapidly progressing hearing loss and reduced penetrance for a con-
ductive component due to  fi xation of the stapes footplate (Bitner-Glindzicz et al. 
 1995  ) . Individuals with conductive DFNX2 hearing loss may choose a stapedec-
tomy procedure to correct the conductive hearing loss. However, mobilization of the 
 fi xed stapes footplate can result in the rapid out fl ow of perilymphatic  fl uid with 
associated hearing loss, referred to as a perilymphatic gusher. 

 DFNX2 hearing loss was mapped to Xq21.1 by linkage analyses and re fi ned cyto-
genetically by overlapping deletions and microdeletions in subjects with X-linked 
hearing loss (Brunner et al.  1988 ; Wallis et al.  1988  ) . Mouse  Pou3f4  (POU domain, 
class 3, transcription factor 4) was already known as a sex-linked gene associated 
with hearing loss in this species, and therefore, human  POU3F4  (also referred to as 
 BRN4 ) was a good positional candidate for DFNX2 hearing loss (de Kok et al. 
 1995b  ) . Several mutant alleles including small deletions and point mutations were 
reported in the single protein-coding exon of  POU3F4  (Bitner-Glindzicz et al.  1995 ; 
Cremers et al.  2000 ; de Kok et al.  1995b  ) . A more fascinating class of mutations 
associated with DFNX2 hearing loss are chromosomal anomalies located approxi-
mately 1 Mb upstream of the  POU3F4  coding region. Chromosomal inversions and 
microdeletions have been reported in this region that potentially disrupt distant  cis -
acting regulatory elements of  POU3F4  (de Kok et al.  1995a,   1996 ; Naranjo et al. 
 2010  ) . Alternatively, structural changes can alter the chromosomal neighborhood of 
an otherwise wild-type  POU3F4  resulting in anomalous gene expression, a phenom-
enon referred to as a position effect (reviewed by Kleinjan and van Heyningen  1998  ) , 
 fi rst described nearly a century ago in the fruit  fl y by A. H. Sturtevant. 

 Guided by the position of microdeletions and inversions in human-affected sub-
jects, several groups have now attempted to identify speci fi c regulatory elements 
upstream of the  POU3F4  coding region. Ahn and coauthors focused on one region 
of high sequence conservation shared in all species from frogs to humans, located 
approximately 920 kilobase (kb) upstream of  POU3F4 . A 3.4-kb fragment  fl anking 
this element was fused to a minimal promoter driving Cre recombinase and used to 
generate transgenic mice. When crossed against a ROSA reporter mouse,  b -galac-
tosidase activity was detected in several structures within the inner ear, con fi rming 
that this fragment included a  cis -acting regulatory element conferring otic tissue 
speci fi city (Ahn et al.  2009  ) . A related approach, using GFP rather than Cre recom-
binase as a reporter, was used to examine the activity of three separate, highly con-
served noncoding regions (HNCR) upstream of  POU3F4  (Naranjo et al.  2010 ; 
Robert-Moreno et al.  2010  ) . Individually, each of these regions could drive expres-
sion of GFP in the developing zebra fi sh inner ear, though each element conferred a 
slightly different timing and domain of expression. In addition, two transcription 
factors that have been well documented to participate in inner ear development, 
 Pax2  and  Sox2 , were shown to interact with one of these regions, HNCR 81675, by 
chromatin immunoprecipitation (ChIP) (Robert-Moreno et al.  2010  ) . 
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 Different mutant alleles of mouse  Pou3f4  (synonyms include  Brn4  and  Otf9 ) 
have shed light on the function of this transcription factor in the inner ear. Two of 
these mutations are null alleles, while  Pou3f4   Slf   (sex-linked  fi dget) is a radiation-
induced chromosomal inversion with one breakpoint near  Pou3f4 . This rearrange-
ment does not alter the protein-coding region of  Pou3f4 .  Pou3f4   Slf   represses  Pou4f3  
expression in the otic capsule, yet there is no altered expression of  Pou4f3  evident 
in the neural tube (Phippard et al.  2000  ) . The location of the  slf  inversion breakpoint 
further supports the presence of an evolutionarily conserved but distant upstream 
regulatory region for  POU3F4 / Pou3f4  that is cochlear speci fi c. 

 The two reported engineered null alleles of  Pou3f4  have different phenotypes 
that are dif fi cult to reconcile (Minowa et al.  1999 ; Phippard et al.  1999  ) . Minowa 
and coauthors replaced the entire coding region of  Pou3f4  with a PGK neomycin 
resistance cassette ( Pou3f4   tm1Tno  ) and found that 11-week-old mice were profoundly 
deaf as measured by ABR (auditory brainstem response) analysis. In contrast, the 
knockout allele of  Pou3f4  in which a lacZ cassette was substituted for the single 
protein coding exon ( Pou3f4   tm1Cren  ) produced mice that were reported to have 
cochlear bone dysplasia and only a mild hearing loss assessed using Preyer’s re fl ex 
(Phippard et al.  1999  ) . The disparity in hearing loss between these two null alleles 
of  Pou3f4  could be due to the differing methodologies used to measure hearing. 
While ABR analysis is an objective measure of hearing, Preyer’s re fl ex is manifest 
as a  fl icking of the mouse external ear (pinna) in response to a sudden onset sound 
stimulus (Jero et al.  2001  ) . The use of Preyer’s re fl ex is highly subjective and insen-
sitive to anything other than profound deafness. Other possible explanations for the 
phenotypic difference between these two  Pou3f4  null alleles could be environmen-
tal or due to variations in the genetic background. 

 Modi fi er variants are dif fi cult to identify. Examples of successful experiments 
that pinpointed modi fi er alleles with signi fi cant impact on hearing ability include 
mouse  mdfw  that modi fi es the phenotype of mice heterozygous for the  dfw  (deaf-
waddler) allele (Noben-Trauth et al.  2003,   1997  ) . In humans, recessive nonsyndro-
mic deafness DFNB26, which was mapped to chromosome 4, is completely 
suppressed by one copy of a rare dominant allele at the  DFNM1  locus on chromo-
some 1 (Riazuddin et al.  2000  ) . A second modi fi er of auditory function in humans 
is a variant of ATPase, Ca 2+ -transporting plasma membrane 2 ( ATP2B2  or  PMCA2 ) 
that moderates the severity of sensorineural hearing loss due to a mutation in cad-
herin-related 23 ( CDH23 ) (Friedman et al.  2000 ; Schultz et al.  2005  ) . A third exam-
ple of an auditory genetic modi fi er is a promoter variant of an otherwise wild-type 
 MYO7A  that modi fi es the extent of DFNA11 progressive low-frequency hearing 
loss in a large family (HL2) of English decent (Street et al.  2011  ) . Mutations of 
 MYO7A  can cause either Usher syndrome type 1B (MIM #276900), nonsyndromic 
deafness DFNB2 (MIM #600060), or dominant DFNA11 (MIM # 601317) progres-
sive hearing loss (Friedman et al.  2011 ; Riazuddin et al.  2008  ) . All the affected 
individuals in family HL2 carried a  MYO7A  glycine-to-arginine amino acid substi-
tution (p.G772R). However, the degree of hearing loss in family HL2 varied consid-
erably, and this was associated with a single nucleotide SNP (T/C) in the promoter 
of the wild-type  MYO7A  allele. Additional data suggested that the T −4128  allele 
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reduces the level of transcription of the wild-type  MYO7A  allele  in trans  to the 
p.G772R mutant. This combination exacerbates DFNA11 hearing loss in compari-
son to the less severe hearing de fi cit of DFNA11 individuals in family HL2 carrying 
the C −4128  allele (Street et al.  2011  ) . It will be interesting to determine if homozy-
gotes for the  MYO7A  T −4128  modi fi er allele have a hearing loss phenotype.  

    8.4   Mutations of the Transcriptional Coactivator  EYA4  
Are Associated with Nonsyndromic Progressive Hearing 
Loss DFNA10 and Loss of Hearing Coupled with Dilated 
Cardiomyopathy 

  DFNA10  is an autosomal dominant progressive hearing loss locus that was geneti-
cally mapped to chromosome 6q22.3-q23.2 in a four-generation family from the 
United States (O’Neill et al.  1996  ) . The onset of hearing loss began at ages ranging 
from 20 to 50 years and progressed to severe/profound deafness (De Leenheer et al. 
 2001,   2002 ; Verstreken et al.  2000  ) . An additional two families re fi ned the  DFNA10  
locus to a 3.7 cM region (Verhoeven et al.  2000  ) . Among the genes in the  DFNA10  
interval is  EYA4 , the ortholog of “eyes absent Drosophila homolog 4,” a transcrip-
tional coactivator required, as the name implies, for fruit  fl y eye development. Affected 
members of the three unrelated DFNA10 families were each found to be heterozy-
gous for one of three different mutant alleles of  EYA4 , each predicted to cause prema-
ture termination of translation within the EYA domain (Wayne et al.  2001  ) . 

 EYA4 is one of four paralogs ( EYA1-EYA4 ) of the EYA family of transcription 
factors. Human  EYA4  has 21 exons and encodes a highly conserved C-terminus of 
approximately 270 residues, referred to as the EYA domain. EYA4 has no known or 
predicted DNA binding domain and is not thought to bind DNA directly. Instead, 
the EYA domain provides an interaction interface for the SIX homeodomain-
containing transcription factors and for two DACH paralogs (Bonini et al.  1998 ; 
Borsani et al.  1999 ; Hanson  2001  ) . For example, SIX homeobox 3 (SIX3) interacts 
with the EYA domain of EYA4 (Abe et al.  2009  ) . What function does EYA4 bring 
to this complex? The EYA4 N-terminus of approximately 360 residues appears to 
function as a  trans -activator of the downstream target genes of the complex (Ohto 
et al.  1999  ) . Once assembled, the SIX transcription factor, EYA4, and a DACH fam-
ily member form a tripartite transcription factor complex that shuttles into the 
nucleus and together acts to activate or repress downstream target genes as part of a 
network that regulates the development and maintenance of a wide variety of organ 
systems (reviewed by Christensen et al.  2008  ) . 

 EYA proteins of plants,  fl ies, mice, and humans also possess intrinsic phos-
phatase activity toward transcriptional cofactors, in addition to the EYA protein 
itself (Jemc and Rebay  2007 ; Li et al.  2003 ; Rayapureddi et al.  2003 ; Tootle et al. 
 2003  ) . A carboxy-terminus haloacid dehalogenase domain in EYA4 targets phos-
photyrosine residues, while the amino-terminal domain targets phosphothreonine 
(Okabe et al.  2009  ) . The target substrates of the EYA4 phosphatase in vivo and their 
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biological relevance to inner ear function remain unknown. Is the phosphatase activity 
important for EYA4 transactivation in the auditory system? In a more general sense, 
the presence of a transcriptional cofactor with enzymatic activity raises the possibility 
that the converse may also be true. Are there enzymes that have unrecognized func-
tions as transcription factors or coactivators? 

 Aside from mutations that truncate the C-terminus EYA domain of EYA4 and are 
associated with nonsyndromic deafness, other mutations of  EYA4  have been associ-
ated with a syndromic cardio-auditory phenotype (MIM # 605362). In a single large 
family, a 4,846-bp deletion of  EYA4,  including exons encoding part of the N-terminus 
region and the entire EYA domain, was associated with dilated cardiomyopathy 
(DCM) with reduced penetrance and coinheritance of juvenile onset progressive 
hearing loss. This deletion was not found in 300 control chromosomes (Schonberger 
et al.  2000,   2005  ) . These data indicate that deafness and DCM result when both the 
N-terminus and EYA domain are disrupted. Since DCM is often a late-onset disorder, 
was DCM overlooked in the affected individuals of the original DFNA10 families? 
In this regard, Makishima and coauthors  (  2007  )  evaluated nine DFNA10-affected 
individuals from yet another North American Caucasian family of European ances-
try for pleiotropic effects of a truncating mutation of  EYA4 . Members carrying a 
dominant  EYA4  frameshift mutation that leaves the N-terminus variable region 
intact, but deletes the EYA domain, were examined for a potential heart phenotype. 
In this report, electrocardiograph, echocardiograph, and magnetic resonance imaging 
studies revealed no evidence for DCM (Makishima et al.  2007  ) . On the basis of these 
data, a genotype-phenotype relationship has been proposed for  EYA4 , where heterozy-
gous truncations that include the N-terminal transactivation domain result in deaf-
ness and DCM, while heterozygous downstream truncations of the Eya domain alone 
are associated with hearing loss only. The human phenotype for homozygous  EYA4  
mutations has not been reported. To date, only a single heterozygous mutant allele 
associated with hearing loss and DCM has been reported (Schonberger et al.  2005  ) . 
One concern is that coinheritance of deafness and DCM by chance alone might mask. 
two independent genetic etiologies. In support of a mutated  EYA4 -mediated cardio-
myopathy/deafness phenotype, expression of EYA4 is found in both the heart and 
inner ear (Schonberger et al.  2005  ) . Moreover, four different antisense morpholinos 
designed to downregulate zebra fi sh  eya4  (68% identical in amino acid sequence to 
human EYA4) showed cardiovascular abnormalities and compromised ventricular 
function (Schonberger et al.  2005  ) . These data indicate that EYA4 has an evolution-
arily conserved, crucial function in the heart. This is not surprising if the Mikado’s 
Pooh-Bah can trace his ancestry back in time to a “protoplasmal primordial atomic 
globule.” 

 The direct effects on gene expression in the auditory system caused by mutations 
of  EYA4  are largely unknown, although there is an engineered  Eya4  mutant mouse 
( Eya4   −/−  ) that could be used to investigate this (Depreux et al.  2008  ) . The  Eya4   −/−   
mouse was constructed by deleting exons 8 through 10 and replacing this deleted 
sequence with a PGK neo and zeocin cassette. On a 129S6/SvEv background, 
homozygous mutant mice die just after birth, while homozygous mice on a mostly 
CBA/J background are viable, although males are sterile. The hearing of these 
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 Eya4   −/−   mice was evaluated by ABR and distortion product otoacoustic emissions 
(DPOAE) and found to be profoundly deaf while wild-type controls had normal 
hearing. Homozygous  Eya4   −/−   mice had otitis media (effusion and in fl ammation) 
regardless of the four different genetic backgrounds and a variety of inner ear abnor-
malities including maldevelopment of the tympanic membrane and Eustachian tube. 
Since  Eya1 , SIX homeobox 1 ( Six1 ) and F-box protein 11 ( Fbxo11 ) mutant mice 
also display increased otitis media susceptibility, expression of these genes were 
examined in  Eya4   −/−   and wild-type littermates. Expression levels of  Eya1 ,  Six1  
(at E12.5), and  Fbxo11  (at P1) were found to be comparable to wild-type littermates 
and thus unlikely to be directly regulated by EYA4 (Depreux et al.  2008  ) . 

 In order for the  Eya4  null allele to be an accurate model of DFNA10 deafness, it 
is important to determine that a heterozygous  Eya4  mutant mouse ( Eya4   +/−  ) can 
recapitulate the human phenotype. The hearing phenotype of a heterozygote was 
not originally reported (Depreux et al.  2008  ) , but unpublished data were generously 
provided by M. Charles Liberman. Heterozygote  Eya4   +/−  mice appear to have wild-
type hearing, and thus, the null allele of mouse  Eya4  is not an accurate model for 
human progressive deafness DFNA10. It is important to keep in mind that in mice, 
an allele comparable to a pathogenic mutation in humans may not recapitulate the 
human disorder. It appears that haploinsuf fi ciency of EYA4 is an unlikely explana-
tion for DFNA10 hearing loss and that either a dominant negative or gain of func-
tion is the more likely pathological mechanism. It remains to be seen what gene 
networks are regulated by EYA4 in the cochlea and how these are perturbed in 
DFNA10 deafness.  

    8.5   Mutations of  MIR96  Cause Human DFNA50 Progressive 
Deafness and the Diminuendo Phenotype in Mouse 

 Dominantly inherited, postlingual, progressive deafness segregating in a large multi-
generational Spanish family was genetically mapped with a LOD score of 10.7 to 
markers de fi ning a novel 3.8 cM interval on chromosome 7q32, designated  DFNA50  
(Modamio-Hoybjor et al.  2004  ) . The earliest perceived hearing loss was at 12 years 
of age and affected frequencies from 250 to 8,000 Hz. Since hearing was near normal 
for the  fi rst decade of life, the inner ears of affected individuals presumably devel-
oped normally but were unable to function correctly. All of the affected members of 
this Spanish family were found to be carriers of a transition mutation (+13G > A) 
within the 7-nucleotide seed region of  MIR96  encoding microRNA 96 (synonyms, 
 MIRN96 ,  has-mir-96 ;  miR-96 ) (Mencia et al.  2009  ) . In a second small Spanish fam-
ily, also segregating progressive deafness as a dominant trait, a transversion 
(+14C > A) mutation (adjacent nucleotide to +13G > A) was identi fi ed, also in the 
seed region of  MIR96 . Ophthalmologic evaluation revealed no obvious retinal phe-
notype in carriers of either of the two  MIR96  mutations, despite expression in pho-
toreceptor cells (Mencia et al.  2009  ) . At the time of publication in 2009, this was the 
 fi rst report of a microRNA mutation responsible for a monogenic human disorder. 
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A second example of a Mendelian disorder due to mutations of a microRNA gene 
cluster was reported recently (de Pontual et al.  2011  ) . Microdeletions of  MiR-17-92  
( MIR17HG ) are associated with Feingold syndrome (MIM #164280), which is char-
acterized by microcephaly, short stature, digital anomalies, and a variety of other 
features with reduced penetrance including hearing loss (Feingold et al.  1997  ) . 

 MicroRNAs are an ancient class of noncoding single-stranded RNAs, approxi-
mately 20–24 nucleotides long found in animals and plants that regulate post-
transcriptional gene expression (reviewed by Brodersen and Voinnet  2009  ) . 
MicroRNAs have highly conserved, cell-speci fi c patterns of expression among diver-
gent species, and each is predicted to interact with hundreds of potential mRNA tar-
gets (Christodoulou et al.  2010  ) . Newly discovered microRNAs continue to be 
reported, with at least 1,000 identi fi ed in mammals. At least 150 of these microRNAs 
are expressed in the inner ear (Elkan-Miller et al.  2011 ; Friedman et al.  2009 b; 
Weston et al.  2011  ) , where they have now been implicated in diverse processes such 
as cell speci fi cation, development, and hair cell homeostasis (Kuhn et al.  2011 ; Li 
and Fekete  2010a ). The microRNA-mediated regulatory process occurs when a 
mature microRNA anneals to a target mRNA, frequently in its 3¢ untranslated region 
(3¢ UTR), delivering with it the RNA-induced silencing complex (RISC). Once asso-
ciated with the target mRNA, microRNAs generally repress gene translation by 
either blocking translation or promoting mRNA degradation via RISC endonuclease 
activity (Guo et al.  2010  ) , although there are now examples of microRNAs that can 
enhance target mRNA translation (Lin et al.  2011a ; Orom et al.  2008  ) . The speci fi city 
of a microRNA annealing to its target mRNA is directed primarily by a 7-nucleotide 
core “seed” sequence. The computational identi fi cation of mRNA targets with the 
complementary sequence would then seem trivial; however, the effects of wobble 
base pairing in RNA-RNA duplexes complicate this effort. Furthermore, ef fi cient 
mRNA degradation can occur in the presence of signi fi cant mismatches to the 
microRNA. Thus, experimentally establishing and validating the speci fi c targets of a 
microRNA and how these are altered by a mutation presents a daunting challenge. 

 The human  MIR183  family of  MIR96 ,  MIR182 , and  MIR183  on chromosome 
7q32.2 is transcribed as a polycistronic RNA, which in principle provides stoichio-
metric amounts of each microRNA. In zebrafish and mice,  Mir96 ,  Mir182 , and 
 Mir183  are expressed in sensory cells of the olfactory epithelium, retina and inner 
ear hair cells (Friedman et al.  2009b ; Weston et al.  2006,   2011 ; Wienholds et al. 
 2005 ; Xu et al.  2007  ) . What mRNA transcripts in the inner ear are regulated by 
 MIR96 ? How do mutations in the seed region of  MIR96  result in hearing loss? Do 
 MIR96  mutations increase or decrease the half-life of target mRNAs, or do they shift 
the speci fi city (off-target effects) of  MIR96  to anneal to mRNAs not normally tar-
geted in the wild type? Using the programs miRanda, TargetScan, and PITA, Mencia 
and coauthors computationally identi fi ed 700 potential targets of  MIR96  (Mencia 
et al.  2009  ) . As a proof of principle,  fi ve of them [aquaporin 5 ( AQP5 ), cadherin, 
EGF LAG seven-pass G-type receptor 2 ( CELSR2 ), outer dense  fi ber of sperm tails 
2 ( ODF2 ), myosin VIIA Rab interacting protein ( MYRIP ), and RYK receptor-like 
tyrosine kinase ( RYK )] were examined further using a luciferase reporter coupled to 
the 3¢ UTRs of these genes. Using luciferase activity as a proxy for luciferase mRNA 
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levels, wild-type  MIR96  was shown to downregulate these transcripts. Critically, 
this downregulation was impaired when  DFNA50  mutant  MIR96s  were tested. In 
addition to examining the regulation of  bona fide  target mRNAs, it is equally impor-
tant to consider the possibility that there may be off-target effects induced by mutant 
 MIR96 . Is DFNA50 hearing loss caused by off-target effects of mutant  MIR96  and/
or altered regulation of genuine  MIR96  targets? One way to test this would be to  fi nd 
and examine deletion heterozygotes of  MIR96 . If these individuals were to have 
normal hearing at an older age, this would exclude haploinsuf fi ciency as the mecha-
nism responsible for hearing loss and indicate that the action of the  DFNA50  muta-
tion is likely aberrant regulation of “off-target” genes. 

 Questions about the molecular pathogenicity of human  MIR96  mutations are 
beginning to be answered using the diminuendo deaf-circling mouse that arose from 
an ENU-induced mutagenesis screen. Genetic mapping of the diminuendo hearing 
loss locus and positional cloning of the responsible mutant gene identi fi ed an A > T 
transversion of  Mir96  (synonyms  mir 96 ,  Mirn96 ,  mmu-mir-96 ) that altered the 
seed region (wt, TTGGC A CT > diminuendo, TGGC T CT) of the mature microRNA. 
The mouse  Mir96  and human  MIR96  ortholog have identical sequence in this region. 
The diminuendo allele is referred to as  Mir96   Dmdo   and was shown to be a semidomi-
nant allele since there is a hearing loss in the heterozygote and more severe abnor-
malities in the homozygote (Lewis et al.  2009  ) . Homozygous mutant mice show 
early-onset hair cell loss that progresses quickly to profound deafness, while 
heterozygotes have an intermediate phenotype of progressive hearing loss begin-
ning at 15 days of age (P15) that recapitulates the human DFNA50 phenotype (Kuhn 
et al.  2011 ; Lewis et al.  2009  ) . The inner ear phenotype of the homozygous  Mir96   Dmdo   
mouse is unusual. Hair cells in  Mir96   Dmdo   homozygotes appear to never fully mature, 
instead retaining the electrophysiological signature and morphological architecture 
of late embryonic hair cells, before eventually degenerating (Kuhn et al.  2011 ; 
Lewis et al.  2009  ) . 

 How might  Mir96  regulate the maturation of hair cells? Are subtle perturba-
tions in hundreds of mRNAs collectively responsible for the arrest of hair cell 
development in the diminuendo mouse? Alternatively, among the transcriptional 
“noise,” are there a small number of crucial gene expression changes that account 
for the phenotype? Microarray analyses have revealed several potentially relevant 
 fi ndings.    Lewis et al.  (  2009  )  compared gene expression in wild-type P4 (postnatal 
day 4) and  Mir96   Dmdo   organ of Corti and found many differences; for example, 
solute carrier family 26, member 5 ( Slc26a5 ) encoding prestin, the outer hair cell 
somatic motor;  G fi 1 , a target of POU4F3 regulation; and protein tyrosine phos-
phatase, receptor type, Q ( Ptprq ), a phosphatase required for stereocilia shaft con-
nector formation (Goodyear and Richardson  2003  )  were all downregulated. 
However,  Mir96   Dmdo   probably indirectly regulates these changes since the mRNAs 
encoded by these genes do not have sequence complimentary to  Mir96 . Nevertheless, 
mutations of these three genes in mouse are individually known to cause deafness, 
and their dysregulation may cumulatively contribute to hearing loss (Richardson 
et al.  2011  ) . In addition, microphthalmia-associated transcription factor ( MITF ), 
a direct target of wild-type  MIR96 , encodes the MITF transcription factor that 
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is mutated in a human auditory-pigmentary syndrome (WS2A, Waardenburg 
 syndrome type 2A, MIM #193510) and in the micropthalmia phenotype in mouse 
(reviewed by Schultz  2006  ) . These data integrate  MIR96  into a mammalian neuro-
sensory regulatory network for both syndromic and nonsyndromic deafness (Li and 
Fekete  2010a ; Xu et al.  2007  ) . 

 It remains to be seen whether perturbations in a few key pathways or a more 
general catastrophic gene dysregulation underlies the pathology of DFNA50 deaf-
ness. Since microRNAs can potentially block translation, in addition to regulating 
transcript stability, measuring mRNA transcript levels reveals only part of the story. 
In order to fully understand how MIR96 functions in the inner ear, an exhaustive 
catalog of transcriptional changes needs to be compared alongside proteomic data-
sets from mutant hair cells. As discussed toward the end of this chapter, these types 
of datasets are not simple to assemble and are a challenge for the future.  

    8.6   A Mutation of  GRHL2  Is Associated with Progressive 
Deafness DFNA28 

 Dominant mutations of genes encoding transcription factors  POU3F4 ,  POU4F3 , 
and  EYA4  are associated with progressive hearing loss, also referred to as adult-
onset hearing loss. The underlying pathology of this disorder can be particularly 
dif fi cult to dissect; speci fi cally, how to exclude the possibility of a subtle develop-
mental defect that renders the adult auditory system less resilient to environmental 
stressors? Distinguishing between defective manufacture during development, as 
opposed to defective maintenance during adult life, is experimentally challenging, 
and this question remains unanswered for all inherited late-onset deafness in both 
mouse and man. DFNA28 progressive deafness is no exception. 

 A single large family was observed to cosegregate dominant, postlingual hear-
ing loss that progressed with age in the high-frequency regions, similar to presby-
cusis; the slow, age-related neurosensory hearing loss that is a common disorder of 
the elderly. The phenotype in this family was genetically mapped to a 1.4 cM inter-
val of chromosome 8q22 (Peters et al.  2002  ) . The locus was designated  DFNA28  
(MIM #608641) and encompassed seven annotated genes. The exons and adjacent 
intronic sequence of six of these genes were sequenced, and a 1-bp insertion 
(c.1609-1610insC) in exon 13 of grainyhead-like 2 ( GRHL2 ; previous nomencla-
ture  TFCP2L3 , transcription factor cellular promoter 2-related to TFCP2) was 
identi fi ed. This alteration resulted in a predicted premature translation stop codon 
in exon 14. The c.1609-1610insC frameshift insertion cosegregated with hearing 
loss in the four-generation family (nine affected members) and was not found in 
genomic DNA from 150 Caucasian and pan-ethnic control individuals. No addi-
tional DFNA28 pedigrees have been reported, though variants of  GRHL2  may be 
associated with presbycusis. A study by Van Laer and coauthors examined 768 
single nucleotide polymorphisms (SNPs) tagging 70 known deafness genes in 2,418 
DNA samples from subjects with age-related hearing loss (Van Laer et al.  2008  ) . 
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Although no SNPs in this limited association study had p-values exceeding the 
Bonferroni-corrected threshold for multiple testing, several SNPs in intron 1 of 
 GRHL2  came close to doing so. As of yet, the actual causative variants of  GRHL2  
that may contribute to presbycusis have not been identi fi ed. A separate study in the 
Han Chinese population sought to replicate the association of  GRHL2  polymor-
phisms and age-related hearing loss but was unable to do so (Lin et al.  2011b  ) . 
This may represent different susceptibility loci to presbycusis in different ethnic 
groups. 

 Human  GRHL2  is similar in amino acid sequence to the  Drosophila melano-
gaster  grainyhead gene ( grh ,  Elf-1 ) that is predominantly expressed in surface ecto-
derm (Biggin and Tjian  1988 ; Bray and Kafatos  1991 ; Ostrowski et al.  2002  )  and is 
required for wound repair (Mace et al.  2005  ) . In vertebrates, there are three mem-
bers ( GRHL1 ,  GRHL2 , and  GRHL3 ) of the grainyhead-like family of transcription 
factors that can form homo- or heterodimers with one another (Ting et al.  2003 ; 
Wilanowski et al.  2002  ) . Mammalian  GRHL2  encodes transactivation, DNA bind-
ing and dimerization domains. Unless there is an isoform of  GRHL2  that can splice 
around exon 13, the c.1609-1610insC frameshift mutation is predicted to introduce 
10 novel amino acids before a translation stop codon truncates  GRHL2  and removes 
the majority of the dimerization domain (Peters et al.  2002  ) . If this mRNA and/or 
translated peptide is stable, the c.1609-1610insC mutation may create a dominant 
negative or gain-of-function variant. Alternatively, the introduction of a premature 
translation stop codon by the c.1609-1610insC mutation might target the  Grhl2  
transcript for nonsense-mediated mRNA decay (NMD). In this case, the progressive 
hearing loss phenotype could be due to haploinsuf fi ciency of GRHL2 in the audi-
tory system. Since the phenotype is dominant and nonsyndromic, one dose of wild-
type  GRHL2  would be suf fi cient for other organ systems to function normally. 
Although NMD is commonly invoked to explain the pathogenicity of a nonsense 
mutation, solid experimental evidence is required to substantiate its involvement. 
A striking example can be found in a study of the  Myo7a polka  allele, where a non-
sense mutation triggers NMD in the cochlea, but not in the retina, where instead a 
stable protein hypomorph is produced (Schwander et al.  2009  ) . This highlights the 
need for a mouse model carrying the humanized c.1609-1610insC mutation to prop-
erly understand the molecular pathology of DFNA28 deafness. 

 In a variety of organ systems, GRHL2 is essential for epithelial cell differentia-
tion, neural tube closure and wound healing. These processes involve  trans -activa-
tion of genes encoding E-cadherin, claudin-4, and RhoGEF19, all of which are 
components of the apical junctional complex (Boglev et al.  2011 ; Pyrgaki et al. 
 2011 ; Werth et al.  2010  ) . In all likelihood, the majority of direct transcriptional 
targets of GRHL2 are yet to be identi fi ed. What might the functions of GRHL2 be 
in the auditory system? In inner ears of the wild-type mouse,  Grhl2  is expressed in 
all the epithelial cells, including sensory hair cells, which line the developing 
cochlear duct (Peters et al.  2002  ) . Studying the mature auditory phenotype of a 
 Grhl2  null mouse is not currently possible as embryos die at E11.5 from neural tube 
closure failure (Werth et al.  2010  ) . A conditional knockout of mouse  Grhl2  has not 
been reported. Experimentally manipulating the expression of  Grhl2  in the various 



1538 Regulatory Mutations in Human Hereditary Deafness

cell types of the auditory system will be critical in de fi ning the roles of this 
 transcription factor in bringing about and maintaining normal hearing. 

 A recent study of a  grhl2b  mutant has shed light on the function of this transcrip-
tion factor in the developing zebrafish auditory system (Han et al.  2011  ) . Zebrafish 
Grhl2b is 71% identical to human GRHL2 and broadly expressed throughout the 
embryo. Despite this broad expression, homozygous  grhl2b   T086/T086   mutant zebrafish 
carrying a transposon-based  Tol2  gene trap in intron 1 has defects largely limited to 
the inner ear. In this gene-trap model, the mutant transcript would consist of the  fi rst 
6 amino acids of Grhl2b fused in frame with the coding sequence for EGFP. The 
phenotype of developing mutant  fi sh at 36 h postfertilization included enlarged 
otocysts, reduced or absent otoliths, and aberrantly formed semicircular canals. 
At 5 days postfertilization, mature  fi sh exhibited hearing and balance de fi cits, 
although anatomically, hair cells appeared grossly normal (Han et al.  2011  ) . Injection 
of wild-type mRNA transcribed from human  GRHL2  into mutant embryos rescued 
the mutant phenotype of homozygous  grhl2b   T086/T086    fi sh. When the same experi-
ment was repeated using human DFNA28 mutant  GRHL2   (1609-1610insC)   mRNA, there 
was no rescue of the mutant phenotype (Han et al.  2011  ) . These data suggest that the 
human  GRHL2  1609-1610insC  is a loss-of-function allele. Given the involvement of  grh  
and  Grhl3  in wound repair (Caddy et al.  2010 ; Mace et al.  2005  ) , it is tempting to 
speculate that  Grhl2  might similarly contribute to epithelial repair and homeostasis 
in the cochlea.  

    8.7   Noncoding Mutations of  HGF  Cause Nonsyndromic 
Deafness DFNB39 

 Autosomal recessive, nonsyndromic hearing loss DFNB39 was initially mapped to 
a large interval on chromosome 7q11.22–q21.12 (Wajid et al.  2003  ) . Additional 
families segregating nonsyndromic hearing loss re fi ned the interval to 1.2 Mb 
(Schultz et al.  2009  ) . All of the annotated and predicted genes in the smallest 
 DFNB39  interval were sequenced, but no missense, nonsense, or frameshift muta-
tions were found. However, in a conserved region of hepatocyte growth factor 
( HGF ) intron 4, two different overlapping microdeletions (3 and 10 bp) were found 
that cosegregated with deafness in these families.  HGF  encodes hepatocyte growth 
factor. These deletions of  HGF  turned out to be located not just in an intron but were 
part of the 3¢ UTR of a novel short isoform of  HGF . The functions of other reported 
shorter isoforms of  HGF  are poorly understood, and despite the wealth of literature 
available for HGF, no comprehensive study of their temporal or spatial regulation 
has been published. 

 HGF is a secreted protein that functions in a variety of organ systems as a potent 
mitogen, morphogen, and motogen (Birchmeier et al.  2003 ; Nakamura et al.  2011 ; 
Schmidt et al.  1995 ). HGF is also important for wound healing and regeneration, and 
somatic mutations affecting  HGF  expression have been implicated in carcinogenesis 
(Ma et al.  2009  ) . The active form of HGF is produced through proteolytic cleavage 
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of the pro-HGF polypeptide to form an alpha chain (N-terminal and four kringle 
domains) and beta chain (serine protease-like domain) which then  heterodimerize 
through disul fi de bonds. The mature HGF protein binds the cell surface MET recep-
tor in a 2:2 receptor-ligand complex (Kemp et al.  2006  ) . 

 How mutations in the short isoform of  HGF  cause deafness is not yet known, but 
it is clear that the normal development of the mouse auditory system is sensitive to 
HGF expression levels. Transgenic mice that ubiquitously over-express full-length 
 Hgf  are viable but deaf (Schultz et al.  2009  ) . Conversely, a cochlear-speci fi c condi-
tional knockout of  Hgf  is also deaf (Phaneuf et al.  2004 ; Schultz et al.  2009  ) .Taken 
together, these data indicate that dysregulation (either too much or too little) of one 
or more isoforms of HGF can cause hearing loss (Schultz et al.  2009  ) . How the  Hgf  
transcript is normally regulated to prevent under or over production of the HGF iso-
forms remains unclear. One possibility is that the 3-bp and 10-bp deletions within the 
 Hgf  3¢ UTR associated with DFNB39 deafness remove a sequence that is comple-
mentary to a microRNA. Aside from regulation of the  Hgf  gene itself, the function of 
HGF protein in the cochlea is also unknown. A full evaluation of inner ear HGF iso-
forms and cellular signaling downstream of the MET receptor awaits investigation.  

    8.8   Mutations in  ESRRB  Cause DFNB35 

 Genetic mapping of recessively inherited hearing loss often utilizes families with 
consanguineous marriages or from more broadly endogamous populations. The 
majority of efforts to map and identify nonsyndromic deafness genes have utilized 
such families and taken advantage of genome-wide screens for marker homozygos-
ity (Friedman et al.  1995  ) . Using this method, severe to profound nonsyndromic 
deafness segregating as an autosomal recessive disorder in a single large Pakistani 
family was linked (multi-point LOD of 7.6) using homozygosity mapping to markers 
on chromosome 14q and the locus designated  DFNB35  (Ansar et al.  2003  ) . Based 
on only one family, a linkage interval of 10 Mb of DNA (11.8 cM) on chromosome 
14q was reported. The meiotic boundaries of other deafness loci on chromosome 14 
( DFNA9 ,  DFNA23  and  DFNB5 ) did not overlap with  DFNB35 . As additional con-
sanguineous families with deafness were linked to genetic markers on chromosome 
14q, the  DFNB35  interval was further re fi ned to about 1 Mb of genomic DNA. This 
interval encompassed seven genes, one of which was the orphan estrogen-related 
receptor ( ESRRB ) ,  a member of the nuclear hormone receptor (NHR) family of 
transcription factors (reviewed by Blumberg and Evans  1998  ) . Subsequently, mis-
sense mutations and a frameshift allele of  ESRRB  were reported in six unrelated 
families, including the original family used to map  DFNB35  (Ben Said et al.  2011 ; 
Collin et al.  2008b  )  .  The hearing loss phenotype segregating in all the DFNB35 
families was very similar. The deaf individuals in a family of Turkish origin did not 
have any obvious visual or renal problems, ruling out Usher and Alport syndromes, 
respectively, and one affected male in this family was fertile (Collin et al.  2008b  ) . 
No clinically relevant features cosegregated with deafness in any of the other 
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affected members within the pedigree (Collin et al.  2008b  ) . However, it is worth 
noting that in general, it is always dif fi cult to exclude more subtle phenotypes, espe-
cially if the affected individuals do not receive a thorough evaluation by physicians. 
This concern applies equally to the many other families segregating presumptive 
nonsyndromic deafness that have been reported over the past 15 years. 

  ESRRB  has at least three alternative splice isoforms, two of which are widely 
expressed throughout the embryo. The mutations in  ESRRB  that associate with 
deafness are all missense mutations and predicted to affect all three isoforms (Ben 
Said et al.  2011 ; Collin et al.  2008b  ) . The longest isoform of  ESRRB  is expressed in 
testes and in cells of mesothelial origin, as well as the supporting cells and stria 
vascularis of the developing and adult inner ear (Collin et al.  2008b ; Zhou et al. 
 2006  ) . Expression was not detected in the sensory hair cells within the organ of 
Corti. Previous animal studies had demonstrated that mouse embryos homozygous 
for a null  Esrrb   −/−   allele die at E10.5, necessitating the use of a conditional allele to 
study cochlear function (Luo et al.  1997 ; Mitsunaga et al.  2004  ) . A conditional 
knockout of  Esrrb  recapitulated DFNB35 deafness and revealed that  Esrrb  is 
required for correct development of marginal cells in the stria vascularis (Chen and 
Nathans  2007  ) . 

 Some of the transcriptional targets of ESRRB within the inner ear have already 
been identi fi ed. Chen and Nathans used microarray hybridization to compare gene 
expression in stria vascularis isolated from either wild-type or conditionally null 
 Esrrb  −/−  cochleae (Chen and Nathans  2007  ) . Of the changes con fi rmed by northern 
analyses, potassium voltage-gated channel, Isk-related family, member 1 ( Kcne1 ), 
aldehyde dehydrogenase 1 family, member A2 ( Aldh1a2 ), R-spondin 3 ( Rspo3 ), 
prostaglandin D2 synthase 21 kDa ( Ptgds ), ATPase, Na+/K+ transporting, beta 2 
polypeptide ( Atp1b2 ), solute carrier family 12 member 2 ( Slc12a2 ), potassium voltage-
gated channel, KQT-like subfamily, member 1 ( Kcnq1 ), and WNK lysine-de fi cient 
protein kinase 4 ( Wnk4 ) were all signi fi cantly repressed in the absence of ESRRB 
(Chen and Nathans  2007  ) . Another study has hypothesized that ESRRB might mod-
ulate the effects of the thyroid hormone pathway within the cochlea (Collin et al. 
 2008b  ) . Thyroid hormone and the two thyroid receptors THRA and THRB are 
essential for hearing and regulate the expression of potassium voltage-gated chan-
nel, KQT-like subfamily, member 4 ( Kcnq4 ) in outer hair cells and potassium 
inwardly rectifying channel, subfamily J, member 10 ( Kcnj10 ) in stria vascularis 
(Forrest et al.  2002 ; Mustapha et al.  2009 ; Rusch et al.  2001 ; Winter et al.  2007  ) . 
Future experiments using chromatin immunoprecipitation (ChIP) will be important 
to determine the direct transcriptional targets of ESRRB and dissect the molecular 
mechanisms underlying DFNB35 deafness. 

 Outside the cochlea, an unexpected function for  ESRRB  was recently reported by 
stem cell biologists attempting to differentiate  fi broblasts into pluripotent stem cells 
(iPS). Mouse embryonic  fi broblasts (MEFs) transfected with cDNAs encoding 
 Oct4 ,  Sox2 ,  c-Myc , and  Klf4  are converted to iPS cells. Feng and coauthors reported 
that  Esrrb  in combination with  Oct4 , c-Myc, and  Sox2  could also reprogram MEFs 
to iPS cells (Feng et al.  2009 ; Heng et al.  2010  ) . The signi fi cance of this in DFNB35 
deafness is yet to be explored.  
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    8.9   Concluding Remarks 

 Our understanding of the gene regulatory events underlying hearing loss is far from 
complete, providing investigators with exciting opportunities for discovery. Though 
many protein-coding genes have now been implicated in the biology of hearing, the 
identi fi cation of regulatory sequences has lagged behind. At least one reason for this 
disparity originates from how candidate loci have been evaluated. Since chromo-
somal intervals identi fi ed from linkage studies are generally large (>5 Mb), the sub-
sequent search for pathogenic variants has typically targeted exonic coding regions 
of genes. This approach has clearly been effective, but is by its very nature biased 
against the discovery of causative variants in promoters, long-range enhancers, and 
repressors that can be a considerable distance from their respective targets, in addi-
tion to a myriad of other regulatory elements. It is interesting to ponder how many 
laboratories around the world have ascertained pedigrees segregating deafness but 
have hitherto been unable to  fi nd convincing exonic mutations. Massively parallel 
sequencing of the entire genome or of linked regions selected by targeted enrich-
ment promises to address this bias, as well as to expedite the identi fi cation of patho-
genic mutations in general (Rehman et al.  2010  ) . Caution must be exercised with 
global exome capture methodologies as these would still be predicted to miss regu-
latory mutations in the vicinity of an exon. 

 The mouse Twirler ( Tw ) allele is a good example where a noncoding variant 
with a major effect would have been overlooked if only the exome has been 
sequenced for mutations. The dominant Twirler phenotype is characterized by obe-
sity and malformation of the vestibular semicircular canals that result in circling 
behavior. The only DNA variant in the Twirler chromosome 18 linkage interval was 
a nucleotide change (c.58 + 181G > A) in a predicted MYB consensus binding site 
located in  fi rst intron of  Zeb1 , a transcription factor involved in mesenchymal cell 
fate (Hertzano et al.  2011 ; Kurima et al.  2011  ) . Demonstrating causality between a 
complex phenotype and pathogenicity of a noncoding single base change is chal-
lenging in any organism since any rare variant may be in linkage disequilibrium 
with the genuine pathogenic allele. In an otherwise wild-type mouse, Kurima and 
colleagues experimentally introduced the c.58 + 181G > A into intron 1 of a wild-
type  Zeb1  gene. Heterozygous mice for this engineered point mutation recapitu-
lated the Twirler phenotype providing de fi nitive evidence of causality of a noncoding 
nucleotide change, which was also shown by EMSA analysis to disrupt MYB bind-
ing (Kurima et al.  2011  ) . 

 Analysis of massively parallel datasets is certain to bring new challenges, not 
least in the correct ascertainment of pathogenicity among a large number of non-
pathogenic variants. Recent whole-genome studies have identi fi ed nonsense muta-
tions in healthy individuals (Li et al.  2010b ; MacArthur and Tyler-Smith  2010  ) , 
highlighting the need for candidate mutant alleles to be con fi rmed with both rigorous 
functional analyses and large pedigrees demonstrating statistical linkage to the phe-
notype (Rehman et al.  2010  ) . Since such human pedigrees are not always available, 
analysis of several unrelated sporadic cases with a variety of different pathogenic 
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alleles also raises con fi dence that the variant has been correctly identi fi ed (Lindhurst 
et al.  2011  ) . The bar for validating novel human pathogenic alleles is set deliberately 
high to avoid false positives polluting the literature and also potentially misinform-
ing genetic counselors as well as affected subjects. 

 Animal models will continue to be critical for dissecting gene regulation in the 
auditory system. The NIH Knockout Mouse Project (KOMP) and the European 
Conditional Mouse Mutagenesis Project (EUCOMM) alone will bolster our knowl-
edge of the transcription factors involved in hearing and deafness (Skarnes et al. 
 2011  ) . These consortia were tasked with generating either targeted null or gene-
trapped alleles for every annotated gene in the mouse genome, ultimately making 
them freely available in public repositories. As more of these mice are generated 
and subjected to rigorous phenotyping, including auditory and vestibular testing 
(Hardisty-Hughes et al.  2010  ) , new genes and transcription factors will undoubtedly 
be linked to sensory function. A signi fi cant limitation of these high-throughput 
efforts is that null alleles will not always be viable and may not accurately model 
gain-of-function alleles; a case in point is  Grhl2 , where neither a heterozygous nor 
homozygous null allele correctly recapitulates DFNA28 deafness. These mutant 
resources are also unlikely to uncover regulatory elements that are not in close prox-
imity to the protein-coding exons. Thus, there is still a need to generate mouse 
models with humanized mutations in order to fully understand gene regulation in 
the auditory system. 

 In the absence of clear evidence from human genetics, how can we go about 
identifying regulatory elements that are important for auditory function? This is a 
daunting task, especially considering that some elements can be megabases away 
from the regulated gene itself. One approach to mapping these types of sequences is 
the introduction of mobile elements, such as  Sleeping Beauty  or  PiggyBac , that can 
transpose multiple times to disrupt existing elements or introduce new ones (Ding 
et al.  2005 ; Kokubu et al.  2009 ; Rad et al.  2010  ) . Transposon-based mutagenesis 
can target large loci (~1 kb–100 kb) and allows the effects of any speci fi c integration 
to be subsequently examined in a live animal. Another powerful approach for iden-
tifying potential regulatory sequences is chromatin immunoprecipitation coupled 
with massively parallel sequencing (ChIP-Seq; Robertson et al.  2007  ) . By immuno-
precipitating known enhancer-/repressor-associated proteins or transcription factors 
cross-linked to chromatin, their binding sites across the genome can be extensively 
mapped. For example, ChIP-Seq has been successfully used to map a gamut of 
tissue-speci fi c enhancers that bind the enhancer-associated protein p300 throughout 
the body (Visel et al.  2009  ) . While many of these enhancers are strongly evolution-
arily conserved, some are less so, highlighting the unbiased approach of ChIP-Seq 
to identify enhancers versus comparative genomics (Blow et al.  2010  ) . With few 
exceptions, the activity of enhancers and repressors responsible for cochlear and 
hair cell-speci fi c expression are largely unstudied and constitutes an important area 
for future research. 

 Ultimately, understanding cochlear gene regulation in its entirety will require 
multimodal genomic, transcriptomic, and proteomic datasets to be assembled. 
Though these types of datasets are technically challenging to generate, they promise 
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to reveal subtle modes of gene regulation. In support of this, the  fi rst study of this 
type in the auditory system was recently published. Elkan-Miller and coauthors 
combined expression arrays and quantitative proteomics to compare gene regula-
tion by microRNAs between auditory and vestibular organs. By comparing tran-
scriptional and translational changes in parallel, not only can the noise inherent to 
microRNA target prediction be overcome, but varying modes of microRNA regula-
tion can also be potentially detected (Elkan-Miller et al.  2011  ) . It will be important 
to expand upon these types of studies in the cochlea. Multimodal cochlear datasets 
will also likely reveal rare changes between the genomic DNA template and the 
transcribed RNA molecules, so-called RNA-DNA differences. In addition to 
increasing the potential for regulatory diversity, these changes are of potential 
signi fi cance for identifying novel deafness alleles. Is it possible that a mutant allele 
could be manifested solely in mRNA, such that its genomic DNA sequence was 
essentially wild type? The involvement of a regulatory mechanism like this in deaf-
ness would be unprecedented but is certainly possible. 

 The structural complexity of the cochlea presents one  fi nal confound to under-
standing gene regulation in vivo. The cochlea typically contains only a few tens of 
thousands of sensory hair cells, and ancillary cell types outnumber these by at least 
an order of magnitude. Investigators are left to decipher which signals are speci fi c 
to hair cells among a high level of contamination. Fluorescence-activated cell sort-
ing (FACS) is one method that has been used to purify hair cell and supporting cell 
populations from the mouse cochlea, using transgenic mice expressing EGFP under 
the atonal homolog 1 ( Atoh1  or  Math1 ) or  p27   kip1   promoter, respectively (Doetzlhofer 
et al.  2006 ; White et al.  2006  ) . The identi fi cation of cell surface markers for the dif-
ferent cell types in the inner ear will also allow for antibody-based FACS sorting of 
this cell population  (Hertzano et al.   2010,   2011  ) . A completely different way to 
isolate potentially pure populations of sensory hair cells was recently published in a 
seminal study by Oshima and colleagues  (  2010  ) . They demonstrated that with the 
use of appropriate transcription factors, mouse embryonic stem cells could be made 
to differentiate into immature yet functional hair cells in vitro. This exciting advance 
allows for a potentially unlimited source of hair cells to be grown in vitro, a goal 
that has doggedly eluded investigators for many years. 

 In conclusion, the study of human hereditary deafness has contributed enor-
mously to our understanding of the cochlea and the genes involved in its function. 
As investigators delve deeper into the transcriptome and regulatory landscape of 
hair cells, it promises to open a new window on how they function normally, how 
they respond to noise and drug trauma, and how they change during the natural 
aging process.      
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 Abbreviations  

  3¢UTR    3¢ untranslated region   
  ABR    Auditory brainstem response   
   ALDH1A2     Aldehyde dehydrogenase 1 family member A2   
   ATP1B2     ATPase Na+/K + transporting, beta 2 polypeptide   
  bp    Base pair   
   CDH23     Cadherin-related 23   
  ChIP    Chromatin immunoprecipitation   
  ChIP-Seq    Chromatin immunoprecipitation coupled with massively parallel 

sequencing   
  DFNA    Nonsyndromic deafness autosomal dominant   
  DFNB    Nonsyndromic deafness autosomal recessive   
  DFNX    Nonsyndromic deafness X-linked   
  DPOAE    Distortion product otoacoustic emissions   
  E17    Embryonic day 17   
   ESRRB     Estrogen-related receptor   
  EUCOMM    European conditional mouse mutagenesis project   
   EYA4     Eyes absent Drosophila homolog 4   
  FACS    Fluorescence-activated cell sorting   
   FBXO11     F-box protein 11   
  GFP    Green  fl uorescent protein   
   GRHL2     Grainyhead-like 2   
   HGF     Hepatocyte growth factor   
  HNCR    Highly conserved noncoding regions   
  Hz    Hertz   
  iPS    Induced pluripotent stems cells   
  Kb    Kilobase   
   KCNE1     Potassium voltage-gated channel, Isk-related family, member 1   
   KCNQ1     Potassium voltage-gated channel, KQT-like subfamily, member 1   
  KOMP    NIH knockout mouse project   
  Mb    Megabase   
  MEFs    Mouse embryonic  fi broblasts   
  NMD    Nonsense-mediated mRNA decay   
   POU3F4     POU class 3 homeobox 4   
   POU4F3     POU class 4 homeobox 3   
  POU 

H
     POU homeodomain   

  PTGDS    Prostaglandin D2 synthase 21 kDa   
   PTPRQ     Protein tyrosine phosphatase receptor type, Q   
  RISC    RNA-induced silencing complex   
   RSPO3     R-spondin 3   
   SIX1     SIX homeobox 1   
   SLC12A2     Solute carrier family 12 member 2   
   SLC26A5     Solute carrier family 26 member 5   
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  Abstract   First described by Danish pediatrician Harald Hirschsprung, Hirschsprung 
disease (HSCR) is a disorder of the enteric nervous system characterized by the 
absence of variable length of the submucous (Meissner’s) and myenteric (Auerbach’s) 
plexuses in the distal gut. As a defect in neural crest-derived cell population, 
Hirschsprung disease is considered a neurocristopathy. While HSCR was originally 
observed in sporadic cases, the advent of lifesaving surgical intervention has also 
given rise to the observation of familial forms of HSCR. Subsequently, its presenta-
tion in familial, sporadic, and syndromic form illuminated the genetics of HSCR. As 
this work has progressed the ret proto-oncogene ( RET ) ,  a receptor tyrosine kinase 
has emerged as a central player in the development of HSCR, most frequently 
modi fi ed in effect by the contributions of risk alleles at other loci. This has been 
exempli fi ed by the recent characterization of risk variants in a noncoding  RET  regu-
latory element, establishing it as a model for the study of multigenic disorders.  
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    9.1   Introduction to Hirschsprung Disease 
and the Enteric Nervous System 

    9.1.1   Development of the Enteric Nervous System (ENS) 

 Hirschsprung disease arises from defects in the enteric nervous system (ENS), 
which is a part of the parasympathetic nervous system responsible for maintaining 
proper peristalsis, blood  fl ow, and water and electrolyte secretion (Heanue and 
Pachnis  2006  ) . The ENS is derived from the neural crest (NC), a transient and 
migratory group of multipotent cells which gives rise to a large number of structures 
and cell populations including the ENS, the sympathetic nervous system, Schwann 
cells, and the connective tissues of the face and neck (Douarin and Kalcheim  1999  ) . 
Most enteric precursors are derived from the vagal neural crest populations, which 
originate in the neural tube at somites 1–7 in mammals, with lesser contributions 
from the sacral neural crest (Douarin and Kalcheim  1999 ; Heanue and Pachnis 
 2006 ; Burns  2005 ; Burns and Thapar  2006  ) . Enteric neural crest-derived cells enter 
the foregut at 4 weeks gestation in humans (embryonic 9–9.5 days in mice) and 
migrate in a rostrocaudal direction to completely populate the gut by 7 weeks gesta-
tion in humans (embryonic day 15 in mice) (Newgreen and Young  2002 ; Druckenbrod 
and Epstein  2005 ; Heanue and Pachnis  2006  ) . An exquisite balance between cell 
survival, migration, and differentiation is critical for the proper colonization of the 
gut by the enteric nervous system (Holland-Cunz et al.  2003 ; McCallion and 
Chakravarti  2001  ) . Alterations in this balance through changes in  RET  dosage are 
central to HSCR.  

    9.1.2   HSCR Classi fi cation and Epidemiology 

 The incidence of HSCR is approximately 1 in every 5,000 live births (Bodian and 
Carter  1963 ; Amiel et al.  2008  ) . However, incidence varies with ethnicity, ranging 
from 1 in 10,000 births in Hispanic populations to 1 in 3,700 births in Asian popula-
tions (Kenny et al.  2010 ; Amiel et al.  2008  ) . HSCR can be classi fi ed by the length of 
the enteric aganglionosis. The most common form of isolated HSCR, comprising 
approximately 80% of cases, is termed classical (or short segment) HSCR (S-HSCR) 
(Bodian and Carter  1963  ) , involves aganglionosis of the rectum, rectosigmoid colon 
up to but not including the splenic  fl exure (Martucciello  2008 ; Kenny et al.  2010 ; 
Amiel et al.  2008 ; Badner et al.  1990  ) . The remaining ~20% of HCSR cases are termed 
long-segment HSCR (L-HSCR), where the enteric aganglionosis extends beyond the 
splenic  fl exure (Bodian and Carter  1963 ; Amiel et al.  2008 ; Kenny et al.  2010  )  and 
total colonic aganglionosis (Moore and Zaahl  2009  ) . Long segment and short seg-
ment HSCR generally display different modes of inheritance and epidemiological 
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pro fi les (Amiel et al.  2008  ) . While long-segment Hirschsprung tends to observe a 
dominant model of inheritance, short-segment Hirschsprung disease is more compat-
ible with a multifactorial or recessive model of inheritance (Badner et al.  1990 ; Amiel 
et al.  2008  ) . Consistent with its multifactorial inheritance, Hirschsprung occurrence 
also shows a pronounced sex bias, occurring two- to fourfold more frequently in men 
(Bodian and Carter  1963  )  dependent on segment length affected (S-HSCR, 4.4:1 male 
to female L-HSCR, 1.9:1 ratio) (Badner et al.  1990  ) . Similarly, L-HSCR shows higher 
penetrance (52% males; 40% females) than short-segment HSCR (17% males; 4% 
females) (Amiel et al.  2008 ; Kenny et al.  2010  ) . Importantly, recent analyses of varia-
tion underlying the multifactorial inheritance of HSCR have revealed the potential 
contributions made by regulatory mutations, speci fi cally at  RET .  

    9.1.3   Syndromic Hirschsprung 

 While HSCR presents as an isolated trait in 70% of cases, it can also be present with 
additional anomalies (Amiel et al.  2008 ; Godbole  2004  ) . Approximately 12% of 
cases of HSCR have associated chromosomal abnormalities (Amiel et al.  2008  ) , 
largely accounted for (90%) by trisomy 21(Down syndrome). Children with Down 
syndrome possess a 50–150-fold higher risk of HSCR than the general population 
and retain an increased male to female sex ratio (Quinn et al.  1994 ; Bodian and 
Carter  1963 ; Goldberg  1984 ; Passarge  1967 ; Amiel et al.  2008  ) . Chromosomal 
deletions overlapping known HSCR loci constitute a large fraction of remaining 
cases with chromosomal anomalies (reviewed by Amiel et al.  2008 ; Kenny et al. 
 2010    and citations therein), with the remainder of associated structural lesions 
remaining increasingly rare (reviewed by Amiel et al.  2008 ; Kenny et al.  2010    and 
citations therein). 

 Approximately 18% of HSCR patients have associated anomalies without 
identi fi ed chromosomal abnormalities (Amiel et al.  2008  ) . Syndromic HSCR largely 
comprises a spectrum of neural crest defect (Amiel et al.  2008 ; Bolande  1974  ) . 
These HSCR-associated neurocristopathies include Shah-Waardenburg, Yemenite 
deaf-blind hypopigmentation, ermine phenotype/BADS, piebaldism, Haddad 
 syndrome, and multiple endocrine neoplasia type 2A (medullary thyroid carcinoma; 
pheochromocytoma) (reviewed by Amiel et al.  2008    and citations therein). 
Hirschsprung disease also presents as part of other syndromes including Goldberg, 
HSCR with limb anomalies, and Mowat-Wilson. HSCR is also less commonly 
associated with other syndromic disorders (Amiel et al.  2008  )  including Bardet-
Biedl syndrome, cartilage-hair hypoplasia, and Pitt-Hopkins syndrome, and the 
co-occurrence of HSCR and congenital anomalies of the kidney and urinary tract 
(CAKUT) (reviewed by Amiel et al.  2008    and the citations within).   
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    9.2   Introduction to  RET  

    9.2.1   Genetics Shows  RET  Centrality to HSCR 

 Major advances have been made in understanding the genetics of HSCR using linkage 
and association studies, candidate gene sequencing, and animal models. Below is a 
brief summary of the genetic and animal model data that illuminates the role of the 
genes and how they interact in ENS development. 

 The RET tyrosine kinase signaling pathway has been shown to be central in 
HSCR, beginning with a report of chromosome 10 interstitial deletions overlapping 
 RET  in HSCR patients ,  linkage to  RET  in an HSCR pedigree, and reports of  RET  
mutations in HSCR patients (Puliti et al.  1993 ; Luo et al.  1993 ; Yin et al.  1994 ; 
Angrist et al.  1995  ) .  RET ,  fi rst identi fi ed as a transforming gene (Takahashi et al. 
 1985  ) , was also shown to be mutated in many multiple endocrine neoplasia type 2 
(MEN2) patients. MEN2 had previously been reported to segregate in families and 
to copresent in patients along with HSCR (Mahaffey et al.  1990 ; Verdy et al.  1982 ; 
Smith et al.  1994  ) , further implicating  RET  in HSCR. Animal models support a 
central role of  Ret  in the development of the enteric nervous system, with  Ret  expres-
sion detected in the developing enteric nervous system throughout vertebrates. 
De fi nitive proof came when  Ret- de fi cient mice were shown to exhibit enteric agan-
glionosis from the stomach to the recto-anal junction (Pachnis et al.  1993 ; Robertson 
and Mason  1995 ; Marcos-Gutiérrez et al.  1997 ; Tsuzuki et al.  1995 ; Schuchardt 
et al.  1995 ; Enomoto et al.  2001 ; Schuchardt et al.  1994  ) . Additionally,  Ret  null mice 
also exhibit renal agenesis and renal dysgenesis, consistent with the co-occurrence of 
HSCR and congenital anomalies of the kidney and urinary tract (CAKUT) (Pini 
Prato et al.  2009 ; Schuchardt et al.  1994 ; Schuchardt et al.  1996 ; Myers et al.  1999  ) . 
Both HSCR patient studies and animal models have also implicated multiple com-
ponents of the  RET  signaling pathway in enteric nervous system development and 
pathogenesis. For example, low penetrance mutations in the RET ligand, the glial 
cell-derived neurotrophic factor ( GDNF ), have also been identi fi ed in multiple 
HSCR patients (Ruiz-Ferrer et al.  2011 ; Angrist et al.  1996 ; Salomon et al.  1996  ) .  

    9.2.2   RET Ligand Binding Activates Downstream 
Signaling Pathways 

 During development,  RET  is expressed in the developing central and peripheral 
nervous system, ENS, and excretory system (McCallion and Chakravarti  2008  ) . 
RET signaling is activated by the binding of one of its four ligands (GDNF; neurtu-
rin, NRTN; persephin, PSPN; artemin, ARTN) mediated by its co-receptors (GDNF 
family receptor alpha 1–4, GFRA1-4) (McCallion and Chakravarti  2008  ) . Upon the 
binding of the ligand and co-receptor to the extracellular RET ligand-binding 
domain, intracellular tyrosine residues are phosphorylated, triggering receptor 
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dimerization and autophosphorylation setting off various signal transduction pathways 
(McCallion and Chakravarti  2008 ; Angrist et al.  1996  ) . RET has been shown to 
activate NF-kappaB (Ludwig et al.  2001  ) , c-Jun N-terminal kinase (JNK; (Shin 
et al.  2004 ; Chiariello et al.  1998  ) ), extracellular signal-regulated kinase (RAS/
ERK; (Besset et al.  2000  ) ), p38 mitogen-activated protein kinase (MAPK; (Hayashi 
et al.  2000 ; Ohiwa et al.  1997  ) ), and phosphatidylinositol 3-kinase (PI3K/AKT) 
signaling pathways (Hayashi et al.  2000  ) ).  

    9.2.3   Discovery of  RET  as a Disease Locus 
with Dosage Sensitivity 

  RET (re arranged during  t ransfection) is a critical developmental gene, and as such, 
its expression is tightly regulated. Spatial or quantitative misexpression of RET can 
yield oncogenic effects. For example,  RET  rearrangements termed  RET/ PTC that 
were originally detected through in vitro transfection analysis were then identi fi ed 
in human papillary thyroid carcinoma (Grieco et al.  1990  ) . To date, at least twelve 
 RET  rearrangements have been identi fi ed in papillary thyroid cancer, with  RET/
PTC1  and  RET/PTC3  accounting for approximately 90% of rearrangements found 
in patients (Castellone and Santoro  2008  ) . The  RET/PTC  fusion genes contain the 
5 ¢  end of a heterologous gene and the  RET  intracellular domain. While the  RET/
PTC  fusion genes can cause ligand-independent  RET  signaling, its oncogenic effect 
is also caused by the constitutive expression in the thyroid follicular cells by placing 
it under the control of transcriptional regulatory elements of the 5 ¢  portion of the 
fusion gene (Castellone and Santoro  2008  ) . However,  RET  overexpression in thy-
roid cancer can occur in the absence of  RET  rearrangements, suggesting there are 
other mechanisms that can cause changes in thyroid  RET  expression (Cyniak-
Magierska et al.  2011  )  and further implicating a potential role for changes in the 
 RET  regulatory landscape in disease.  

    9.2.4   Additional Genes in the  RET  Signaling Pathway 
in HSCR and Enteric Nervous System Development 

 As with  Ret ,  Gdnf  de fi ciency leads to long-segment enteric aganglionosis in mice, 
despite an apparently limited role for GDNF mutations in HSCR (Moore et al.  1996 ; 
Angrist et al.  1996 ; Eketjall and Ibanez  2002 ; Salomon et al.  1996  ) . While  ARTN  
mutations have yet to be reported in HSCR patients and  Artn  null mice have a nor-
mal enteric nervous system (Honma et al.  2002 ; Ruiz-Ferrer et al.  2011 ; Fernandez 
et al.  2008  ) ; mutations in  PSPN  and  NRTN  have been reported in HSCR patients 
(Doray et al.  1998 ; Ruiz-Ferrer et al.  2011  ) . Unlike  Ret  or  Gdnf  mutant mice,  Nrtn  
and  Pspn  null mice are viable, but  Nrtn  null mice do exhibit decreased enteric plexus 
density and decreased enteric motility (Heuckeroth et al.  1999 ; Tomac et al.  2002  ) . 
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Additionally, although evidence of  GFRA1  and  GFRA2  mutations in HSCR patients 
is lacking,  Gfra1  plays an important role in enteric nervous system development and 
survival (Myers et al.  1999  ) , and  Gfra2  null mice also show defects in the cholin-
ergic myenteric plexus in the small intestine (Rossi et al.  1999  )  .   

    9.2.5    RET  Function in the Enteric Nervous System 

 Mouse models have helped provide insight into the complex role of Ret signaling in 
the enteric nervous system and how Ret signaling de fi cits translate to decreased 
enteric colonization. Decreased  Ret  expression in mice in migrating enteric neural 
crest-derived cells leads to impaired cell survival (Uesaka et al.  2008  ) .  RET  controls 
enteric neuronal precursor proliferation (Chalazonitis et al.  1998 ; Taraviras et al. 
 1999  ) , survival (Taraviras et al.  1999 ; Uesaka and Enomoto  2010  ) , migration (Young 
et al.  2001 ; Natarajan et al.  2002  ) , and differentiation (Taraviras et al.  1999  ) .  Ret  
null enteric neurons showed a delay in migration and non-apoptotic cell death that 
could be rescued by the expression of Bcl-xL (BCL2L1), an anti-apoptotic protein 
which had previously been shown to rescue enteric neuron cell death induced by 
 Gdnf  de fi ciency (Uesaka and Enomoto  2010 ; Edlich et al.  2011 ; Uesaka et al.  2007  ) . 
However, the Bcl-xL rescued enteric neuron precursors did not undergo proper dif-
ferentiation, further implicating  Ret  in migration, cell survival, and differentiation 
(Uesaka and Enomoto  2010  ) . Furthermore, increasing  Ret  signaling by the addition 
of exogenous Gdnf can alter the structure and function of the enteric nervous system 
(Wang et al.  2010  ) . Finally,  Ret  has also been shown to play a role in post-migratory 
enteric neurons, suggesting that  Ret  has an important role beyond just the develop-
ment of the enteric nervous system (Uesaka et al.  2008  ) .  

    9.2.6   Upstream Regulators of  RET  Implicated in HSCR 

 Several transcription factors that have been implicated in enteric nervous system 
development appear to play roles in the regulation of  RET  (Burzynski et al.  2009  ) . 
One of these transcription factors is the paired-like homeobox 2b ( PHOX2B ) that 
was shown to bind the  RET  promoter and is mutated in central congenital hypoven-
tilation syndrome (CCHS), which often presents with HSCR (Pattyn et al.  1999 ; de 
Pontual et al.  2007,   2006 ; Trang et al.  2005 ; Leon et al.  2009  ) . In addition,  Phox2b  
null enteric-fated NC cells do not express  Ret  (Pattyn et al.  1999 ; de Pontual et al. 
 2007,   2006 ; Trang et al.  2005 ; Leon et al.  2009  ) . SRY (sex determining region 
Y)-box 10 ( SOX10 ) mutations have also been identi fi ed in many HSCR patients 
with Waardenburg-Shah type 4 (WS4) (Kuhlbrodt et al.  1998  ) , while  Sox10- de fi cient 
mice exhibit enteric aganglionosis and pigment abnormalities as observed in WS4 
patients (Touraine et al.  2000 ; Southard-Smith et al.  1999  ) . A direct role for SOX10 
in regulating RET has now been postulated by several groups (Puppo et al.  2002 ; Lang 
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and Epstein  2003 ; Lang et al.  2000 ; Emison et al.  2010 ; Leon et al.  2009  ) .  ZFHX1B  
( ZEB2 ) mutations have been detected in Mowat-Wilson patients with HSCR 
(Wakamatsu et al.  2001  ) , while  Zfhx1b- de fi cient mice exhibit enteric aganglionosis 
due to defects in the formation of the vagal neural crest (Van de Putte et al.  2003  ) . 
Similarly, the achaete-scute complex homolog 1 (ASCL1) transcription factor can 
activate the  RET  promoter in neuroblastoma cell lines, although  Ascl1  ( Mash1 )-null 
mice exhibit defects in only a subset of enteric neural crest-derived cells (Blaugrund 
et al.  1996  ) .   

    9.3    RET  Regulatory Element Variation in HSCR 

    9.3.1   Genetic Evidence of  RET  Regulatory Mutations in HSCR 

 While  RET  coding mutations have been implicated as central in HSCR, there has 
been mounting evidence of noncoding mutations at the  RET  locus in HSCR.  RET  
mutations account for approximately 80% of all known HSCR mutations (Amiel 
et al.  2008 ; Emison et al.  2010  ) . While, as discussed above, there are a large number 
of HSCR modi fi er genes (Trang et al.  2005 ; Amiel et al.  2008,   2007 ; Druckenbrod 
et al.  2008  ) ,  RET  is the sole gene implicated in all forms of HSCR risk (Emison 
et al.  2010  ) . Analysis of HSCR in families supports the central role of  RET in  HSCR. 
While in 11 of 12 multiplex HSCR families studied by Bolk and colleagues  RET  
alleles segregated with the disease, only 50% of patients had identi fi ed  RET  coding 
mutations (Bolk et al.  2000  ) . In other studies,  RET  mutations have been identi fi ed 
in only 15–20% of sporadic HSCR cases and 50% of familial HSCR cases (Amiel 
et al.  2008 ; Sancandi et al.  2000 ; Attié et al.  1995 ; Angrist et al.  1995 ; Garcia-
Barcelo et al.  2004  ) . 

 Several studies report the overrepresentation and overtransmission of a synony-
mous SNP in exon 2 of the  RET  gene (A45A; rs1800858) in HSCR cases compared 
with controls (Fitze et al.  2003 ; Borrego et al.  2000,   1999  ) . This SNP is contained 
in a haplotype comprising six markers in the 5 ¢  region of  RET,  including variants in 
the  RET  promoter, 5 and 1 bp upstream of the  RET  transcriptional start site (−5G > A, 
rs10900296;  − 1C > A, rs10900297; (Pelet et al.  2005 ; Fitze et al.  2003  ) ). This hap-
lotype was present in approximately 55–60% of European HSCR cases, versus 
16–30% of controls (Burzynski et al.  2004 ; Pelet et al.  2005  ) . Additionally, this 
haplotype was present in approximately 88% of Chinese cases, versus 47% of con-
trols (Emison et al.  2010  ) . The haplotype also spans 23 kb from the promoter region 
to intron 2 and was observed to be signi fi cantly overtransmitted in cases of sporadic 
HSCR with no identi fi ed  RET  mutation (Pelet et al.  2005  ) . Additionally, many 
HSCR patients with no observed  RET  mutation were homozygous for the haplotype 
(Pelet et al.  2005  ) . Importantly, patients with the HSCR risk haplotype exhibited 
lower levels of  RET  expression in gut tissues (Miao et al.  2010  ) , suggesting a direct 
genotype-phenotype correlation in  RET  dosage (Emison et al.  2010  ) . 
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 However, the identi fi cation of an overrepresented haplotype in cases versus 
 controls did not mean that the causative allele had been identi fi ed. Additional studies 
were initiated to determine if the HSCR risk haplotype contains a causative allele 
and to establish the mechanism of the causative allele’s role in the genesis of HSCR. 
Questions about the functional role of the risk alleles in HSCR caused additional 
studies to focus on SNPs within the risk haplotype, with the hypothesis that there 
may be an ancient low penetrance locus upstream of the exon 2 SNP affecting  RET  
transcription (Amiel et al.  2008 ; Sancandi et al.  2000  ) . Using a comparative genom-
ics strategy to identify putative regulatory elements based on the hypothesis that 
functional elements are conserved due to negative selection on functional nucle-
otides (Pennacchio et al.  2006 ; Visel et al.  2008 ; Nobrega et al.  2003 ; Visel et al. 
 2009 ; Nobrega and Pennacchio  2004  ) , the Chakravarti group focused on a con-
served sequence within the HSCR-associated haplotype that is located in the  fi rst 
intron of  RET  (Emison et al.  2005  ) . Using a transmission disequilibrium test (TDT) 
on 28 SNPs spanning 175 kb around the  RET  locus, the greatest statistical signi fi cance 
for association with HSCR lay within the previously identi fi ed 27.5-kb HSCR risk 
haplotype (Fig.  9.1a ). Importantly, SNPs within the HSCR risk haplotype showed 
the greatest transmission distortions in HSCR. While resequencing of the patients 
revealed no  RET  coding sequence mutations, a SNP termed RET + 3 (rs2435357) 
lying within a conserved 900 base pair element in the  fi rst  RET  intron was identi fi ed 
(Fig.  9.1b ,  c ). This conserved element was termed  RET  MCS (multispecies con-
served sequence) +9.7, due to its location 9.7 kb downstream from the  RET  tran-
scriptional start site (Emison et al.  2005  )  (Fig.  9.1b ).  RET  MCS +9.7, which 
contained two additional variants which are in complete linkage disequilibrium 
with RET+3 (rs2506005 and rs2506004; Fig.  9.1c ), showed the highest transmis-
sion distortion and statistical signi fi cance in HSCR trios of the SNPs in the risk 
haplotype (Emison et al.  2005  ) . While the  RET +3:T allele was overtransmitted in 
HSCR, the  RET +3:C allele is highly conserved in mammals, suggesting that 
 RET +3:T may impact a conserved functional element (Fig.  9.1a–c  (Emison et al. 
 2005  ) ). However, additional functional characterization of  RET +9.7 was required to 
test if any SNPs within the element functionally impacted  RET  expression during 
development of the enteric nervous system (Emison et al.  2005  ) .   

    9.3.2   Characterization of  RET  MCS +9.7 Function 

 The cell type-speci fi c regulatory activity of the  RET  MCS +9.7 element was then 
tested in vitro (Emison et al.  2005  ) . While  RET  MCS +9.7 directed negligible regula-
tory activity in a luciferase assay in the nonneuronal HeLa cell line,  RET  MCS +9.7 
directed strong regulatory activity in the Neuro-2A neuroblastoma cell line (Fig.  9.2a , 
(Emison et al.  2005  ) ). Since  RET  MCS +9.7 exhibited neuronal cell activity, it sug-
gests that nucleotide variation in this element could affect  RET  expression in neu-
ronal development (Emison et al.  2005  ) . Additionally,  RET  MCS +9.7 was also capable 
of binding Neuro-2A nuclear lysate, further supporting its role as a neuroblastoma 
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enhancer (Grice et al.  2005  ) . Importantly,  RET  MCS +9.7 containing the HSCR risk 
allele exhibited six- to eightfold lower regulatory activity than the other allele in 
Neuro-2A cells, indicating that the risk alleles decrease the potential enhancer activ-
ity of  RET  MCS +9.7 (Emison et al.  2005  )  (Fig.  9.2a ). Since HSCR is caused by a 
decrease in  RET  dosage, an allele decreasing  RET  expression through compromised 
enhancer function is consistent with HSCR biology (Grice et al.  2005  ) .  

  Fig. 9.1     The overtransmitted HSCR-associated SNP lies within a conserved region . ( a ) Transmission 
disequilibrium test identi fi es an overtransmitted SNP (T is overtransmitted derived/mutant allele, 
C is ancestral/wild-type allele) part of the HSCR-associated haplotype located within a conserved 
intronic  RET  element termed  RET  MCS +9.7 (Emison et al.  2005  ) .  Red  = TDT of individual SNPs 
transmitted to affected offspring,  Green  = TDT of individual SNPs transmitted to non-affected 
offspring (Adapted with permission from Emison et al.    2005   ). ( b ) UCSC genome browser (  www.
genome.ucsc.edu    ) representation of the human  RET  gene showing the location of the  RET  
MCS + 9.7 element and the phastCons mammalian conservation track (Siepel et al.  2005  ) . ( c ) UCSC 
genome browser representation of the human  RET  MCS + 9.7 element showing the location of the 
HSCR risk alleles (Emison et al.  2005  )  and the phastCons mammalian conservation track (Siepel 
et al.  2005  )        
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  Fig. 9.2     HSCR-associated SNP compromises in vitro cell-speci fi c regulatory activity of a conserved 
RET intronic enhancer that directs in vivo enteric nervous system reporter expression.  ( a ) The 
mutant HSCR allele compromises  RET  MCS +9.7 luciferase activity in Neuro-2A cells compared 
to wild-type  RET  MCS +9.7 wild-type = C allele, mutant = overtransmitted T allele (Adapted with 
permission from Emison et al.    2005   ). ( b )  RET  MCS +9.7 directs LacZ reporter expression in the 
external gut loop in vivo in embryonic 12.5 mice (Adapted with permission from Grice et al. 
 (  2005  ) ). ( c )  Ret  expression in the embryonic 12.5 gut loop detected by in situ hybridization 
(Adapted with permission from Grice et al.    2005   ). ( d  and  e )  RET  MCS +9.7 directs  ret  appropriate 
eGFP reporter expression in vivo in transgenic zebra fi sh,  open arrow  head = enteric nervous sys-
tem,  solid white arrow  head = pronephric duct (Adapted with permission from Fisher et al.    2006a   ). 
( f ) Exogenous SOX10 transactivation of  RET  MCS +9.7 directed reporter expression is compro-
mised by the HSCR mutant risk allele in HeLa cells (Adapted with permission from Emison et al. 
   2010   ). ( g ) Chromatin immunoprecipitation detects physical interaction between SOX10-HA and 
 RET  MCS +9.7, fold enrichment versus no antibody control; Ab = antibody, trans = transformed 
cells (Adapted with permission from Emison et al.    2010   )       
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 However, in vitro regulatory activity can give only limited information about a 
regulatory element’s spatial and temporal activity during in vivo development. 
Using a LacZ reporter vector stably integrated into mice,  RET  MCS +9.7 in vivo 
enhancer activity was assayed (Grice et al.  2005  ) .  RET  MCS +9.7 directed reporter 
expression in the developing enteric nervous system at mouse embryonic day 12.5 
(E12.5; Fig.  9.2b ), consistent with endogenous  Ret  expression (Fig.  9.2c ) (Grice 
et al.  2005  ) . Additionally,  RET  MCS +9.7 directed expression in the dorsal root 
ganglia and cranial ganglia, other NC-derived tissues (Grice et al.  2005  ) . The in vivo 
regulatory activity of  RET  MCS +9.7 was also tested in zebra fi sh, using Tol2-
mediated stable transgenesis (Fisher et al.  2006a,   b  ) . Once again,  RET  MCS +9.7 
directed  ret  appropriate enteric nervous system reporter expression (Fig.  9.2d–e ). 
The  Ret  appropriate regulatory activity of  RET  MCS +9.7 in vivo in the enteric 
nervous system and other neural crest-derived tissues further support the potential 
causative role of variation within the  RET  MCS +9.7 in HSCR risk (Fisher et al. 
 2006a ; Grice et al.  2005  ) . 

 Although the  RET  MCS +9.7 has been shown to be an enteric nervous system 
enhancer and that HSCR risk variants compromise its in vitro regulatory activity, 
the identi fi cation of the functional variants, the mechanism of the functional effects 
of  RET  MCS +9.7 variation and how that translates to disease risk remains to be 
elucidated. While the RET +3 was shown to lie between two retinoic acid response 
elements motifs, no transcription factor binding sites were disrupted (Emison et al. 
 2005  ) . Additional work has been done to try and identify factors that bind to  RET  
MCS +9.7, in particular factors whose binding may be disrupted by the HSCR risk 
alleles. SOX10 ,  which has a well-documented role in HSCR (Kuhlbrodt et al.  1998 ; 
Amiel et al.  2008  ) , is believed to be an upstream regulator of  RET  (Lang and Epstein 
 2003 ; Puppo et al.  2002  ) . Within  RET  MCS +9.7, the risk allele rs2435357 was 
observed to be overlapping a putative  SOX10  transcription factor binding motif 
(Emison et al.  2010  ) . Ectopic  SOX10  expression in HeLa cells, where  RET  MCS 
+9.7 was previously shown to lack regulatory activity (Emison et al.  2005 ; Grice 
et al.  2005  ) , was suf fi cient to induce  RET  MCS +9.7 directed luciferase expression 
(Emison et al.  2010  )  (Fig.  9.2f ). Also, the rs2435357:T risk allele and mutation of 
the SOX10 binding site compromised  SOX10 RET  MCS +9.7 response to ectopic 
 SOX10  expression (Fig.  9.2f ). Additionally, chromatin immunoprecipitation (ChIP) 
demonstrated that SOX10 can bind  RET  MCS +9.7 directly in neuroblastoma cells 
(Emison et al.  2010  )  (Fig.  9.2g ). Furthermore, the rs2506004 HSCR-associated 
SNP within  RET  MCS +9.7 was reported to disrupt an NXF-ARNT2 and SIM2-
ARNT2 binding motif (Sribudiani et al.  2011  ) . Single-minded homolog 2 ( Sim2 ), 
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aryl-hydrocarbon receptor nuclear translocator 2 ( Arnt2 ), and  Nxf  ( Npas4 ) are all 
expressed in neural crest stem cells isolated from an embryonic mouse gut and regu-
late endogenous  RET  expression when transfected into neuroblastoma cells 
(Sribudiani et al.  2011  ) . 

 Taken together, these data suggest that one or more variants within  RET  MCS 
+9.7 may have functional effects on the element’s regulatory activity by compro-
mising different transcription factor binding sites.  

    9.3.3   Genetic Interactions of the  RET  HSCR Risk Haplotype 
with Modi fi er Genes 

 Due to its subtle dosage effect on  RET  transcription and low penetrance compared to 
a loss of function allele (Emison et al.  2010  ) , the  RET  HSCR risk haplotype geno-
type-phenotype correlation is likely to be highly subjected to modi fi cation by alleles 
at other genes or by other alleles in  trans  to  RET . After the initial characterization of 
the  RET  risk haplotype, several studies set out to test its genetic interaction with 
modi fi er loci. A range of potential interactions have now been reported. One study 
demonstrated a role for the  RET  MCS +9.7 risk allele in syndromic HSCR present-
ing with CCHS, Bardet-Biedl syndrome (BBS), and Down syndrome (de Pontual 
et al.  2007  ) , but not in Mowat-Wilson syndrome or Waardenburg-Shah syndrome (de 
Pontual et al.  2007  ) . Epistatic interactions were observed between mutations in vari-
ous BBS genes and alleles in  RET  intron 1, including a novel 11 bp located near the 
HSCR-associated alleles in  RET  MCS +9.7. Epistasis between BBS genes and  RET  
signaling was also shown using morpholinos in zebra fi sh (de Pontual et al.  2009  ) . 
Similarly, genetic interaction between the  RET  +9.7 risk allele and chromosome 21 
gene dosage was reported by another group, demonstrating a signi fi cant difference 
in the risk allele frequency between patients with both Down syndrome and HSCR, 
compared to patients with either Down syndrome alone or HSCR alone (Arnold 
et al.  2009  ) . Another genome-wide association study in a collection of Chinese spo-
radic HSCR patients revealed a genetic interaction between the  RET  risk haplotype 
and two SNPs (rs16879552 and rs7835688) in intron 1 of neuregulin1 ( NRG1 ), a 
gene found to harbor coding sequence mutations in HSCR patients (Garcia-Barcelo 
et al.  2009 ; Tang et al.  2011a,   b  ) . The genetic interaction between the  RET  risk hap-
lotype increased the odds ratio from 2.3-fold to 19.5-fold in the presence of heterozy-
gous  NRG1  alleles (Garcia-Barcelo et al.  2009  ) . Genetic interactions in Chinese 
HSCR patients have also been reported between two different  HOX  loci ( HOXA13  
and  HOXB7 ) and the  RET  risk haplotype (Garcia-Barceló et al.  2007  ) . 

 The epistatic interactions between genes in human populations are mirrored in 
mouse models of enteric aganglionosis. While  Ret  heterozygous null mice have a 
very low penetrance of enteric aganglionosis and  Ret  null homozygous mice do not 
exhibit sex differences in enteric phenotype,  Ret  null and an endothelin receptor 
type B ( Ednrb ) allelic series showed a two-locus non-complementation that 
recapitulated the incomplete penetrance, variance in length of aganglionosis, and 
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sex variance observed in human HSCR patients (McCallion et al.  2003  ) . Genetic 
interactions have also been observed between  Sox10  and  Ednrb  and endothelin 3 
( Edn3 ) in mouse models (Cantrell et al.  2004 ; Stanchina et al.  2006  ) . Additionally, 
the penetrance of the  Sox10  mutant mouse phenotype is modi fi ed by the presence of 
 Sox8  mutations (Maka et al.  2005  ) .  Sox10  also exhibits genetic interactions with the 
genes  Zfhx1b  and L1 cell adhesion molecule ( L1cam ) (Stanchina et al.  2010 ; Wallace 
et al.  2010  ) .  L1cam  also acts as an enteric nervous system development modi fi er 
gene for  Ednrb  (Wallace et al.  2011  ) .  

    9.3.4    RET  MCS +9.7 Sequence Variation, Distribution, 
and Genetic Properties 

 The worldwide distribution of the  RET  MCS +9.7 HSCR-associated risk variant 
was also studied (Emison et al.  2005  ) . The  RET  + 3:T allele frequency was 0.45 in 
Asia and 0.25 in Europe, but was below 0.01 in Africa. These allele frequencies 
correlate with a higher frequency of short-segment HSCR in Asia than Europe and 
a lower rate of short-segment HSCR in Africa (Emison et al.  2005  ) . The  RET  
MCS +9.7 risk allele has been found to be associated with HSCR in multiple 
populations, including Chinese and European populations (Emison et al.  2010, 
  2005 ;). Transmission disequilibrium tests across a panel of SNPs in the European 
and Chinese populations suggested that the disease alleles lie in two identical 
haplotypes, suggesting that the disease haplotypes have common origin (Emison 
et al.  2005  ) . The haplotype was also shown to be overtransmitted in Taiwanese 
and an additional Chinese HSCR population (Zhang et al.  2007 ; Liu et al.  2008 ; 
Wu et al.  2010  ) . 

 The mechanism causing gender differences in HSCR occurrence is not well 
understood, with starkly limited evidence for a major role of X-linked mutation in 
HSCR (Fernandez et al.  2010 ; Broman et al.  2006 ; Emison et al.  2005  ) . However, 
the  RET  MCS +9.7 risk allele does show sex-speci fi c effects.  RET  + 3:T allele was 
transmitted to HSCR affected male offspring more often than to female offspring 
(Emison et al.  2005  ) . Additionally, transmission of the risk allele to affected off-
spring caused a larger increase in susceptibility in males than females (Emison 
et al.  2005  ) . Furthermore,  RET  + 3:T shows higher penetrance in males than 
females. The risk allele accounted for 2.6% and 1.1% of the total susceptibility 
variance in males and females, respectively, while known coding mutations account 
for only 0.1% of the total susceptibility variance (Emison et al.  2005  ) . While the 
 RET  +3:T risk allele penetrance is similar in European and Chinese populations 
and had a genetic effect on the three lengths of HSCR (short, long, and total colonic 
aganglionosis), the risk allele penetrance varies across the three lengths of HSCR 
(Emison et al.  2010  ) . Additionally, the risk allele was observed to be in trans of 
coding mutations and had a lower allele frequency in HSCR patients with a  RET  
coding sequence mutation compared to HSCR patients lacking a  RET  mutation 
(Emison et al.  2010  ) .  
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    9.3.5   Evidence for Regulatory Variation of Other  RET  
Regulatory Elements 

 Due to the traditional focus on the characterization of proximal promoter regulatory 
elements and the −5 and −1  RET  HSCR risk alleles, additional studies have focused 
on characterizing the impact of the  RET  promoter SNPs (Griseri et al.  2005 ; Garcia-
Barcelo et al.  2005 ; Fitze et al.  2003  ) . The  RET  proximal promoter region had previ-
ously been shown to direct  RET  appropriate regulatory control in LacZ expressing 
mice and in vitro in NC-derived cell lines (Sukumaran et al.  2001 ; Andrew et al. 
 2000  ) . However, the  RET  proximal promoter region lacked enteric nervous system 
expression in vivo (Sukumaran et al.  2001  ) . Using an in vitro assay in neuroblas-
toma cells lines, it was shown that the promoter region containing the risk alleles 
showed decreased regulatory activity (Fitze et al.  2003  ) . One group reported that the 
 RET  promoter SNPs showed a signi fi cant correlation with HSCR in a Chinese pop-
ulation (Garcia-Barcelo et al.  2005  ) . Additionally, the promoter SNPs overlapped 
an NK2 homeobox 1 (NKX2-1 or TTF-1) binding site, a factor that can activate the 
 RET  promoter .  Further, they reported a mutation in  NKX2-1,  which has a similar 
expression pattern to  RET  in the developing human gut, in an HSCR patient that 
compromised  RET  promoter activation (Garcia-Barcelo et al.  2005  ) . An additional 
 NKX2-1  mutant that compromised  RET  promoter activation in vitro was identi fi ed 
in two Caucasians with HSCR (Garcia-Barceló et al.  2007  ) . Additionally, lack of 
 Nkx2.1  expression in the mouse gut shows there could be species-speci fi c effects on 
enteric development. Nkx2-1 was shown to cooperate with Phox2b and Sox10 to 
regulate the  RET  promoter in vitro (Leon et al.  2009  ) . However, while  RET  expres-
sion was shown to be reduced in lymphocytes in patients homozygous for risk 
alleles (Griseri et al.  2005  ) , a functional impact on  RET  enteric expression remains 
to be investigated further. Due to the proposed role of enhancer and promoter inter-
actions in transcriptional regulation (Dekker  2006 ; Amano et al.  2009  ) , it is possible 
that the  RET  promoter variants in the HSCR risk haplotype may further compromise 
 RET  ENS transcription impacted by  RET  MCS +9.7 variants.  

    9.3.6    RET  as a Model Locus of Regulatory Topology 

 Due to its key role in development and disease, the sequences that control  RET  
transcriptional regulation and the transcription factors that bind them have been a 
focus of many studies. Both in vitro and in vivo studies have been used to identify 
 RET  locus regulatory elements, including in-depth studies of the  RET  promoter. The 
 RET  proximal promoter region has been shown to direct  RET  appropriate regulatory 
activity in vivo, including in the developing excretory system (Zordan et al.  2006  ) . 
Additionally, the promoter has been found to be regulated by Sp1 and Sp3 in vitro 
(Andrew et al.  2000  ) . Subsequently, studies began to identify regulatory elements 
outside of the proximal promoter region. A  RET  enhancer was identi fi ed approxi-
mately 3.3 kb upstream of the  RET  promoter which is regulated by Sox10 and paired 
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box 3 (Pax3) (Lang and Epstein  2003 ; Puppo et al.  2002  ) . Comparative genomic 
analysis coupled with an in vitro enhancer screen identi fi ed  fi ve cell type-speci fi c 
 RET  locus enhancers, including one with in vivo  RET  appropriate regulatory activity 
(Grice et al.  2005  ) . Several of these cell-speci fi c  RET  enhancers, plus several other 
sequences from the zebra fi sh  ret  locus, exhibited  ret  appropriate regulatory control 
in vivo using a zebra fi sh-stable transgenic assay (Fisher et al.  2006a  ) . Additionally, 
potential regulatory elements at the  RET  locus identi fi ed by genome-wide ChIP stud-
ies have exhibited  ret  appropriate regulatory control in zebra fi sh (Stine et al.  2011  ) .   

    9.4   Emerging Connections 

    9.4.1    RET  Modulation by Steroid Hormones 
in Development and Disease 

 While genetic interactions between genes in HSCR have been a subject of intense 
study, much remains to be explained about how diet and exocrine signaling affect 
the penetrance of HSCR predisposing variance. Recent work showed that the regu-
lation of  RET  by members of the steroid hormone nuclear receptor super family 
could play an important role in regulating  RET  enteric aganglionosis. Retinoic acid 
signaling, which is known to be critical in the development and patterning of the 
nervous system (Maden  2007  ) , is mediated by its receptors (retinoic acid receptors, 
RAR; and retinoid X receptors (McGrane  2007  ) ). Retinoic acid, a vitamin A deriva-
tive, has long been known to regulate  Ret  in kidney development (Moreau et al. 
 1998 ; Batourina et al.  2001  ) , while the expression of a dominant negative retinoic 
acid receptor abolishes  Ret  expression in the developing kidney and  Ret- mediated 
ureteric bud formation and branching morphogenesis (Rosselot et al.  2010  ) .  RET  is 
also directly regulated by retinoic acid in neural crest-derived neuroblastoma cell 
lines (Bunone et al.  1995 ; Angrisano et al.  2011 ; Yamada et al.  2007  )  and is central 
to the transcriptional program required for retinoic acid-induced neuroblastoma dif-
ferentiation (Yamada et al.  2007 ; Oppenheimer et al.  2007  ) . Furthermore,  Ret  and 
its co-receptors have been shown to be downregulated in vivo by retinoic acid in 
developing chick sensory neurons and in rat developing heart neurons (Doxakis and 
Davies  2005 ; Shoba et al.  2002  ) . Additionally,  RET  is upregulated by retinoic acid 
in breast cancer through a retinoic acid response element (Hua et al.  2009 ; Stine 
et al.  2011  ) . Despite this extensive evidence of retinoic acid regulation of  RET,  
much work remains to understand the interaction between  Ret  and retinoic acid in 
the developing enteric nervous system. Retinoic acid treatment increased the num-
ber of Ret antibody marked cells in ENS precursor primary culture (Sato and 
Heuckeroth  2008  ) . Disruption of  Raldh2  ( Aldh1a2 ), a retinoic acid synthesis pro-
tein, led to enteric aganglionosis in mice (Niederreither et al.  2003  ) . Finally,  Ret  
heterozygous null mice were shown to interact with vitamin A-depleted mice, 
increasing the length and severity of intestinal aganglionosis of retinol binding 
protein 4 ( Rbp4 ) null mice (Fu et al.  2010  ) . 
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 Recent evidence also suggests a role for the steroid hormone estrogen in regulating 
 RET  through its receptor (estrogen receptor alpha, ESR1). Estrogen treatment has 
been shown to upregulate  RET  in developing mouse kidney explants, with sex-
dependent response to GDNF addition (Walker et al.  2009  ) . Since  RET  mutations are 
associated with renal dysgenesis (Skinner et al.  2008  ) , it is possible that estrogen 
regulation of  RET  and sex differences in RET signaling could contribute to sex dif-
ferences in the occurrence of renal agenesis (Parikh et al.  2002  ) . Estrogen signaling, 
an important regulator of breast cancer, has been shown to upregulate  RET  mRNA 
levels in breast cancer cell lines (Lin et al.  2007 ; Carroll et al.  2006  ) . Despite the lack 
of  RET  mutations in breast cancer (Kan et al.  2010  ) ,  RET  mRNA positively corre-
lates with ESR1 expression in breast cancer cell lines (Plaza-Menacho et al.  2010 ; 
Esseghir et al.  2007 ; Boulay et al.  2008 ; Tozlu et al.  2006  ) . Additionally,  RET  locus 
estrogen response elements have been identi fi ed in breast cancer cell lines (Stine 
et al.  2011 ; Tan et al.  2011  ) . Importantly, RET-dependent signaling appears to play a 
role in estrogen independence and antiestrogen resistance in breast cancer (Plaza-
Menacho et al.  2010 ; Kang et al.  2010  ) . In addition, this  RET- mediated estrogen 
independence appears to require ESR1 phosphorylation, causing ligand-independent 
transcriptional regulation (Plaza-Menacho et al.  2010  ) . This constitutive activation 
of ESR1 by estrogen responsive  RET  suggests a possible autoregulatory loop (Plaza-
Menacho et al.  2010  ) . While there have been reports of potential  RET  regulatory 
loops (Burzynski et al.  2009  ) , to date, the mechanism of this autoregulatory loop has 
not been de fi ned. The possibility that ESR1 may be involved in a RET autoregula-
tory loop remains to be explored. The ESR1 and ESR2 (estrogen receptor beta) 
receptors are expressed broadly throughout the central and peripheral nervous system, 
including  RET  expressing neuronal populations such as the dorsal root ganglia 
(Loven et al.  2010 ; McCarthy  2008 ; Bennett et al.  2003 ; Zoubina and Smith  2001  ) . 
There have also been reports of estrogen receptor expression in the enteric nervous 
system (Kawano et al.  2004 ; Campbell-Thompson et al.  2001  ) , raising the potential 
that if ESR1 regulates  RET  in the enteric nervous system, it could contribute to sex dif-
ference in HSCR. Although ectopic ESR1 expression in neuroblastoma induces neuronal 
differentiation similar to the  RET- dependent retinoic acid-induced neuronal differen-
tiation (Loven et al.  2010  ) , the role of  RET  in this estrogen-induced neuronal 
differentiation remains to be explored. Additionally, cross talk between retinoic acid 
signaling and estrogen signaling in the regulation of  RET  in breast cancer raises the 
possibility of estrogen and retinoic acid cross talk in the enteric nervous system (Hua 
et al.  2009 ; Stine et al.  2011 ; Ross-Innes et al.  2010  ) . However, the role of estrogen 
in the enteric nervous system is speculative and remains to be explored.   

    9.5   Conclusions 

  RET  is central to HSCR. The discovery of an HSCR-associated haplotype lacking a 
coding mutation made  RET  a model for the study of noncoding mutations in 
disease. A SNP lying within a conserved intronic enhancer showing in vivo ENS 
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regulatory activity compromised the neuronal in vitro regulatory activity of the 
element. This element is bound and transactivated by SOX10 in vitro ,  with the risk 
allele disrupting the  Sox10  binding site and reducing  SOX10  responsiveness. The 
reports of genetic interactions between the  RET  risk haplotype and other HSCR risk 
alleles indicate that much remains to be understood about the complex interactions 
between noncoding regulatory mutations and modi fi er genes. Furthermore, regula-
tion of  RET  by steroid hormones suggests that diet and environment could further 
affect HSCR penetrance.      

 Abbreviations  

  BBS    Bardet-Biedl syndrome   
  CAKUT    Congenital anomalies of the kidney and urinary tract   
  CCHS    Central congenital hypoventilation syndrome   
  ENS    Enteric nervous system   
  HSCR    Hirschsprung disease   
  L-HSCR    Long-segment Hirschsprung disease   
  MCS    Multispecies conserved sequence   
  MEN2    Multiple endocrine neoplasia type 2   
  NC    Neural crest   
  RET    ret proto-oncogene   
  S-HSCR    Short-segment or classical Hirschsprung   
  SNP    Single-nucleotide polymorphism   
  WS4    Waardenburg-Shah type 4    
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  Abstract   In the traditional model of human disease genetics, mutations in coding 
regions of the genome were assumed to underlie disease phenotypes. It is only in the 
recent past that functional noncoding regions – such as promoters, enhancers and 
silencers – have been implicated in disease states. At its most basic level, cancer is 
a disease caused by the misexpression of genes normally responsible for regulating 
cell proliferation. It is therefore logical that mutations and variants within  cis -
regulatory elements controlling the expression of proto-oncogenes and tumor suppres-
sor genes would underlie some tumorigenic gene expression changes. As changes in 
noncoding functional elements are harder to identify than alterations in protein 
 coding sequences, many of the recent insights into  cis -regulatory variants involved 
in cancer etiology have been uncovered by genome-wide association studies 
(GWAS), highlighting risk variants in non-genic regions. Here, we highlight exam-
ples of cancer-associated variation in promoters, enhancers, and silencers, as well as 
changes to the overall architecture of a gene’s regulatory landscape. These func-
tional characterizations bring us closer to understanding the role of  cis -regulatory 
mutations and cancer risk/progression.  
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         10.1   Introduction 

 Cancer is the uncontrolled proliferation of abnormal cells in the body. At the most 
basic level, this uncontrolled growth is caused by the misexpression of genes nor-
mally responsible for regulating cell division. In a healthy cell, the cell cycle is a 
tightly controlled process, with numerous checkpoints in place to ensure genomic 
integrity and functioning cell cycle machinery before allowing a cell to proceed into 
the next phase of the cycle. If DNA damage (caused either by random replication 
errors or environmental mutagens) is found, the process of division is either paused 
to allow time for repair or, if the damage is too great, the cell undergoes apoptosis. 
When proto-oncogenes – genes that positively regulate proliferation or negatively 
regulate apoptosis – are overexpressed, or tumor suppressor genes – those that nega-
tively control the cell cycle or promote apoptosis – are underexpressed, the cellular 
checkpoints necessary for controlled division may be less rigorously executed or 
bypassed entirely. If the burden of mutations impacting the expression of oncogenes 
and tumor suppressor genes becomes great enough, uncontrolled proliferation can 
occur and a potentially cancerous cell is created. 

 The genetic reasons underlying the misexpression of proto-oncogenes and tumor 
suppressor genes can vary greatly. For proto-oncogenes to become oncogenes, 
mutations must result in an overexpression of gene product or expanded expression 
domain (improper spatial or temporal gene activation). This overexpression can be 
achieved through an increase in gene copy number – where entire chromosomes or 
chromosomal segments are duplicated, or localized genic regions are highly 
ampli fi ed – or through mutations in  cis -regulatory elements involved in the control 
of gene expression (Fig.  10.1 ). These  cis -regulatory elements include promoters and 
long-range enhancer or repressor elements that function to regulate gene expression 
in a tissue- and temporal-speci fi c manner. Enhancing mutations or variations within 
positive regulatory elements (promoters or enhancers) or weakening alterations to 
negative regulatory elements (repressors) can result in increased gene expression. 
Variation within or misuse of enhancer and repressor elements can also contribute 
to the phenomenon of expanded oncogene expression domain; mutations in enhanc-
ers could cause them to take on new functional roles, and translocations can result 
in an enhancer element inappropriately activating a gene near the chromosomal 
breakpoint. Another mechanistic way for proto-oncogenes to morph into oncogenes 
is when modi fi cations to protein structure (mutations or deletions) cause them to 
become constitutively active.  

 In the inverse scenario, mutations resulting in a decreased level of gene product 
are necessary for the oncogenic misexpression of tumor suppressor genes. In order 
for gene expression to be completely silenced, both copies of a tumor suppressor 
gene must be inactivated. This can be accomplished through any combination of 
two genetic changes that cause the complete ablation of gene product from one 
allele, such as the deletion of a gene or entire chromosomal region, a point mutation 
or frame shift that yields a null allele, or the hypermethylation of a promoter that 
silences expression. Some tumor suppressor genes also exert oncogenic effects on a 
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cell when their expression levels are simply reduced, rather than eliminated. This 
can be the result of haploinsuf fi ciency – where expression is totally lost from just 
one allele – or it can be caused by an overall decrease in the amount of transcription 
from one or both alleles. In the case of decreased expression from a locus, 
 cis -regulatory variation in the promoter or long-range enhancer/repressor elements 
controlling gene expression is often responsible. 

 In this chapter, we will focus speci fi cally on  cis -regulatory mutations and 
common variation underlying cancer etiology or risk. As touched on above, these 

  Fig. 10.1     How cis-regulatory mutations affect gene expression . ( a ) Endogenous expression pattern 
of a gene. ( b ) A promoter variant increases overall gene expression levels. ( c ) The long-range 
enhancer model: three tissue-speci fi c enhancers determine normal gene expression. ( d ) An inactivat-
ing mutation in a brain enhancer ( yellow ) results in a reduced expression domain. ( e ) An activating 
variant in a second brain enhancer ( orange ) results in brain-speci fi c overexpression. ( f ) A translo-
cation juxtaposes a limb enhancer ( green ) into the gene’s regulatory landscape, resulting in an 
expanded expression domain       
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 cis -regulatory underpinnings to gene misexpression represent just a small subset of 
known genetic alterations involved in the complexities of cancer biology. In many 
cases, the same genes have been identi fi ed as misexpressed in precancerous or 
cancerous cells due to a multitude of different mechanisms: a particular tumor sup-
pressor gene that is present in a region frequently deleted in tumors may also be the 
target of an enhancer element containing common variation that exhibits differential 
activity in a relevant tissue type. This phenomenon highlights the idea that genes 
critical to controlling cell proliferation will be focus points for oncogenic muta-
tions, and those mutations may take on many different forms. Many of the more 
recently discovered examples of  cis -regulatory changes underlying cancer seem to 
result in relatively small changes in gene expression levels due to common genetic 
variation and therefore have relatively small effect sizes. Because of this, most have 
been discovered in the functional follow-up to GWAS. The case studies presented 
here will illustrate instances where  cis -regulatory changes in promoter, enhancer, 
and repressor elements that function to modify gene expression levels have been 
implicated in the etiology of cancer risk.  

    10.2   Promoter Variation 

 Located directly upstream of their target gene, promoter elements are the easiest of 
 cis -regulatory elements to identify (Fig.  10.1b ). As the central element involved in 
controlling gene transcription, their importance and regulatory code have been 
understood for much longer than long-range  cis -elements such as enhancers and 
repressors. As such, countless promoter mutations have been characterized, each 
altering the expression of a tumor suppressor or proto-oncogene involved in every 
conceivable type of cancer. Many of these changes – while recurrent in key onco-
genic genes – are point mutations unique to a particular individual’s tumor. As a 
whole, they have taught much about tumor biology, but their individual  cis -regulatory 
mechanisms of misexpression are not necessarily applicable to a wide range of 
patients. It has only been with the relatively recent advance of GWAS (Fig.  10.2a ) 
that common variants in fl uencing the regulatory ability of promoters have been 
identi fi ed. Here, we discuss two examples of such GWAS-identi fi ed promoter vari-
ants, while acknowledging that these represent the very tip of the promoter mutation 
iceberg.  

    10.2.1    MSMB  and Prostate Cancer Risk 

 The most straightforwardly interpreted cases of GWAS hits occur when a poten-
tially functional SNP within an ideal functional candidate gene is found to be 
associated with a disease. Such was the case when two independent GWAS 
reported an association between SNP rs10993994 on 10q11 and prostate cancer risk 



  Fig. 10.2     Strategies to map genetic variation affecting disease traits due to changes in gene 
expression in human populations . ( a ) Genome-wide association studies (GWAS) identify genetic 
variants (SNPs) associated with a disease trait. Differently than most SNPs in the genome, which 
have similar allele frequencies ( red and green individuals ) in affected ( cases ) and non-affected 
( controls ) individuals, an associated variant shows a signi fi cant departure from this pattern; in the 
example shown, there is an overabundance of the “ red ” allele of the associated SNP in cases, com-
pared to “ green ” alleles in controls. ( b ) The associated variant is not necessarily the causal variant 
underlying the phenotypic difference; rather, multiple SNPs are highly correlated with one another 
in linkage disequilibrium blocks (LD blocks). Various strategies are used to identify which SNPs 
( red asterisk ) within these LD blocks might have a putatively causal role in the phenotype-geno-
type association. For example, SNPs mapping within evolutionarily conserved noncoding 
sequences ( green  peaks along the LD block) are good candidates for having a role in phenotypic 
variation. Further analysis of the genomic context of this candidate SNP can further support the 
idea that this variant lies within a  cis -regulatory element, showing, for example, that the local 
chromatin is compatible with that seen in active  cis -regulatory elements (single  green balls  on the 
histones, denoted as  blue balls ). For genome-wide chromatin states in multiple cell lines, see the 
ENCODE project data at   http://genome.ucsc.edu/cgi-bin/hgGateway    . More detailed computational 
analysis may reveal that the SNP lies within a well-de fi ned DNA binding motif for a given tran-
scription factor. This raises the hypothesis that the SNP may alter the binding of proteins to a  cis -
regulatory element, resulting in differential gene expression. ( c ) Multiple experimental strategies 
can be used to determine that a  cis -regulatory element controls the expression of a given gene and 
that a SNP within this regulatory sequence may alter its function. Electromobility shift assays 
(EMSA) are used to show that a speci fi c protein has the ability to bind to the given stretch of DNA 
containing the SNP in question (lane 2 of the gel). Chromatin immunoprecipitation (ChIP) detects 
the binding of a transcription factor to a speci fi c DNA sequence. Reporter assays can be used to 
test whether a given DNA sequence is a promoter enhancer or silencer and whether an SNP within 
this element may result in allele-speci fi c functions. These reporter assays can employ in vitro or 
in vivo experimental models. Chromatin conformation capture (3C) demonstrates long-range 
interactions in the genome. A putative enhancer ( green ) loops to activate a distant promoter ( blue ) 
of a gene ( red arrow ). This looping can be captured by cross-linking ( gray balls ) followed by PCR 
using primers ( black arrows ) for the enhancer and the promoter. PCR ampli fi cation using these 
primers demonstrates that the two distant sequences directly interact, as predicted to occur between 
enhancers and their distant promoters       
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(Eeles et al.  2008 ; Thomas et al.  2008  ) . The SNP is 57 base pairs upstream of the 
transcriptional start site (TSS) of microseminoprotein beta ( MSMB ), a member of 
the Ig binding factor family known to be a biomarker for prostate cancer and a sug-
gested prostate cancer tumor suppressor gene (Beke et al.  2007 ; Reeves et al.  2006  ) . 
Furthermore, rs10993994 had previously been shown to affect promoter activity 
levels in embryonic kidney cells (Buckland et al.  2005  ) . 

 Based on this appealing context, two groups set out to  fi ne map the associated 
linkage disequilibrium (LD) block (Fig.  10.2b ) with the goal of showing that the 
common variation in the  MSMB  promoter was the underlying reason for the prostate 
cancer association (Chang et al.  2009 ; Lou et al.  2009  ) . Using independent popula-
tions, both groups determined that the GWAS SNP rs10993994 was most strongly 
associated with prostate cancer risk. To determine the functional signi fi cance of this 
variant, the  MSMB  promoter region – harboring either the risk (T) or the protective 
(C) allele of rs10993994 – was cloned into a luciferase vector, and the promoter 
activity levels were evaluated in prostate cancer cell lines (Fig.  10.2c ). Chang et al. 
found that the promoter element containing the T risk allele drove luciferase expres-
sion at 13% compared to the protective C allele in LNCaP prostate cancer cells 
(Chang et al.  2009  ) ; this directionality of affect was expected due to  MSMB ’s status 
as a tumor suppressor gene. The T risk allele also had decreased promoter activity in 
PC3 prostate cancer cells as well as in 293T and MCF7 cell lines (Lou et al.  2009  ) . 

 Once the allele-speci fi c  cis -regulatory ability of rs10993994 was determined, the 
question became how the variant exerted its affect on  MSMB  transcriptional activ-
ity. As the SNP disrupts a predicted CREB binding site, Lou et al. performed elec-
trophoretic mobility shift assays (EMSA; Fig.  10.2c ) on nuclear extracts of a prostate 
cancer cell line to see whether the differential CREB binding depended on the hap-
lotype (Lou et al.  2009  ) . They showed that CREB bound strongly to the protective 
T allele of rs10993994, whereas CREB binding was undetectable in the risk allele. 
This suggests that the prostate cancer risk SNP modulates  MSMB  promoter activity 
through differential CREB binding (Lou et al.  2009  ) . Strengthening the evidence 
for rs10993994’s role in  MSMB  expression, Lou et al. also showed that cancer cell 
lines with at least one C allele showed a higher mean  MSMB  mRNA level compared 
to TT homozygotes (Lou et al.  2009  ) . 

 To further the link between  MSMB  and prostate cancer tumorigenesis, Pomerantz 
et al. built on the functional studies and investigated the relationship between 
rs10993994 and  MSMB  expression in normal prostate and prostate tumor samples 
(Pomerantz et al.  2010  ) . They determined that rs10993994 genotype correlates with 
 MSMB  mRNA levels in normal and cancerous human prostate cancer specimens, 
but not in normal colon or breast tissue. This suggests that rs10993994 shows allele-
speci fi c activity in a tissue-speci fi c manner. Furthermore, the authors demonstrated 
that suppression of  MSMB  in prostate epithelial cells resulted in a signi fi cant 
increase in anchorage-independent colony growth; this affect was not seen in mam-
mary epithelial cells (Pomerantz et al.  2010  ) . Taken together, these results show that 
the  MSMB  promoter SNP rs10993994 exhibits allele-speci fi c  cis -regulatory activ-
ity, and that its affect on  MSMB  expression appears to be prostate speci fi c, in con-
cordance with its status as a common prostate cancer risk variant.  
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    10.2.2    FOXE1  and Thyroid Cancer Risk 

 Another example of a promoter  cis -regulatory variant identi fi ed through association 
studies is the forkhead box E1 ( FOXE1 ) variant on chromosome 9q22 that was linked 
to thyroid cancer risk. First identi fi ed in a GWAS (Gudmundsson et al.  2009  ) , vari-
ants in  FOXE1  were independently  fl agged as associated with thyroid cancer in a 
candidate gene association study (Landa et al.  2009 ). An ideal candidate gene for 
misregulation in thyroid cancer,  FOXE1  is at the center of the regulatory network that 
initiates thyroid differentiation, and increases in FOXE1 expression correlate with 
dedifferentiation in thyroid carcinomas (Parlato et al.  2004 ; Sequeira et al.  2001  ) . 

 Once the thyroid cancer-associated LD block harboring  FOXE1  was located, 
Landa et al. set about assessing all variants within the interval to prioritize candidate 
causative SNPs (Landa et al.  2009  ) . Bioinformatic analysis identi fi ed SNP rs1867277 – 
located 283 bases upstream of the  FOXE1  TSS – as disrupting predicted transcrip-
tion factor binding sites (TFBS); this variant therefore became the lead candidate for 
functional analysis. In EMSAs performed with the rs1867277 risk or protective allele 
and nuclear extracts from a thyroid cancer cell line, a lower band was seen forming 
with both alleles, while an upper band was found only with the A (risk) allele (Landa 
et al.  2009  ) . After evaluating predicted TFBS, the authors determined that a Kv channel 
interacting protein 3, calsenilin (KCNIP3; DREAM) antibody supershifted lower EMSA 
band complex, while an upstream transcription factor (USF) antibody supershifted 
the A-speci fi c upper band. They therefore concluded that only the risk A allele of 
SNP rs1867277 is able to bind transcription factors USF1/USF2. While DREAM 
overexpression has been previously associated with thyroid enlargement (Rivas et al. 
 2009  ) , an oncogenic role for the ubiquitously expressed USF1/USF2 factors in thy-
roid cancer has not yet been established. To further understand the role played by 
DREAM and the USF1/2 transcription factors in  FOXE1  regulation, luciferase 
reporter constructs containing one of the two  FOXE1  promoter haplotypes were co-
transfected into HeLa cells with cDNA plasmids for DREAM or USF1/2 (Landa 
et al.  2009  ) . While the DREAM co-transfection did not generate variations in pro-
moter activity, co-transfection of the  FOXE1  promoter with USF1/2 yielded an 
eightfold increase in luciferase expression with the A risk allele, but no change with 
the G protective variant. These data suggest that the differential binding of USF1/2 
to the  cis -regulatory promoter SNP rs1867277 modulates  FOXE1  expression, 
explaining the region’s association with thyroid cancer risk.   

    10.3   Common Variation in Long-Range 
 cis -Regulatory Elements 

 Located up to a megabase away from their target gene (Nobrega et al.  2003  ) , long-range 
 cis -regulatory elements – such as enhancers and silencers – are functional noncoding 
elements responsible for controlling tissue- and temporal-speci fi c gene expression. 
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Many key developmental genes are known to be controlled by an array of enhanc-
ers, with each individual  cis -regulatory element driving a subset of its gene’s entire 
expression pro fi le (Fig.  10.1c ). This modular nature makes them ideal candidates 
for involvement in complex diseases – like cancer – especially, as a functional vari-
ant in an individual  cis -element would result in changes to gene expression levels 
only in speci fi c organs/tissue types (Fig.  10.1d ,  e ). Less well-characterized are neg-
ative  cis -regulatory elements impacting gene expression; although fewer examples 
exist, they too are presumed to contain functional variation underlying complex 
disease etiology. As GWAS routinely implicate variation within gene deserts and 
other types of noncoding DNA with cancer risk, strategies have been developed for 
identifying and then characterizing long-range  cis -regulatory elements potentially 
harboring cancer-associated variants. The following case studies illustrate examples 
of successful or in-progress attempts to de fi nitively link noncoding variation with 
cancer risk. 

    10.3.1    MYC  and the 8q24 Gene Desert Cancer Associations 

 The best characterized example of  cis -regulatory variation in long-range enhancer 
elements underlying cancer risk was found in chromosome 8q24. Numerous GWAS 
reported associations between multiple types of cancer – including prostate, col-
orectal, breast, urinary bladder, and chronic lymphocytic leukemia – and variants 
concentrated within 620 kb of a 1.2-Mb gene desert in this region (Al Olama et al. 
 2009 ; Amundadottir et al.  2006 ; Crowther-Swanepoel et al.  2010 ; Easton et al. 
 2007 ; Ghoussaini et al.  2008 ; Gudmundsson et al.  2007 ; Haiman et al.  2007b ; 
Kiemeney et al.  2008 ; Tomlinson et al.  2007 ; Turnbull et al.  2010 ; Yeager et al. 
 2007 ; Zanke et al.  2007  ) . Thus far, 14 independent polymorphisms have been asso-
ciated with various cancers in this region (Grisanzio and Freedman  2010  ) , suggest-
ing that multiple independent functional elements underlie disease risk. Although 
there are no well-annotated genes within the associated intervals, the independent 
risk variants (or linked functional elements within the associated regions) may all be 
involved in regulating the expression pattern of a single gene involved in cancer 
tumorigenesis and/or progression in various tissue types. The infamous proto-oncogene 
v-myc myelocytomatosis viral oncogene homolog ( MYC ) lies immediately down-
stream of this gene desert, raising the possibility that the associated regions of risk 
harbor long-range  cis -regulatory elements involved in the tissue-speci fi c transcrip-
tional regulation of  MYC  expression; under this hypothesis, each distinct associa-
tion interval would harbor a functional noncoding element involved in regulating 
 MYC  expression in the corresponding tissue type for each implicated cancer. 
Encoding a well-known transcription factor essential to the regulation of cell prolif-
eration and growth,  MYC  is upregulated at both the mRNA and protein level in each 
of the 8q24-associated cancers (Chen and Olopade  2008 ; DeMarzo et al.  2003 ; 
Nesbit et al.  1999  ) . Additionally, 8q24 is one of the most common regions for 
somatic ampli fi cation in cancer (Beroukhim et al.  2010  ) .  MYC  misregulation due 
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to variation within  cis -regulatory elements would provide yet another path to its 
oncogenic overexpression. 

 In the years following the publication of these striking GWAS results, numerous 
groups using several complimentary methods have shown that the cancer-associated 
8q24 risk regions do in fact harbor enhancer elements (Ahmadiyeh et al.  2010 ; Jia 
et al.  2009 ; Pomerantz et al.  2009 ; Sotelo et al.  2010 ; Tuupanen et al.  2009 ; 
Wasserman et al.  2010 ; Wright et al.  2010  ) . The most compelling work centers 
around the cancer risk variant rs6983267, which has independently been associated 
with prostate and colorectal cancer (Haiman et al.  2007a ; Tomlinson et al.  2007 ; 
Yeager et al.  2007 ; Zanke et al.  2007  ) . SNP rs6983267 is not only the actual-typed 
GWAS variant, but it also disrupts an evolutionarily conserved sequence; this makes 
it an ideal candidate for functionality. Resequencing and thorough analysis of LD in 
the cancer-associated region also suggested that rs6983267 itself was the causal risk 
variant (Yeager et al.  2008  ) . Based on these  fi ndings, Pomerantz et al. performed 
targeted chromatin immunoprecipation (ChIP; Fig.  10.2c ) assays on the evolution-
ary conserved sequence containing rs6983267 with antibodies known to pick out 
enhancer elements (Pomerantz et al.  2009  ) . These speci fi c epigenetic marks (such 
as the histone modi fi cation H3K4me1) and proteins (like the coactivator p300) have 
been shown to reliably mark regulatory regions (Heintzman et al.  2007 ; Visel et al. 
 2009  ) . Pomerantz et al. found that in the colorectal cancer cell line tested, the 
rs6983267 element exhibited the classic chromatin signatures for enhancer activity; 
these  fi ndings have since been replicated independently by other groups in both 
colorectal and prostate cancer cell lines (Ahmadiyeh et al.  2010 ; Jia et al.  2009 ; 
Wright et al.  2010  ) . 

 While chromatin marks are suggestive of enhancer activity, the regulatory poten-
tial of a DNA fragment must be directly assessed using reporter assays. Such exper-
iments ask whether a candidate element is capable of turning on the expression of a 
reporter gene – usually luciferase for cell-based assays (Fig.  10.2c ) or  b -galactosidase 
for in vivo experimentation (Fig.  10.2c ) – in the presence of a minimal promoter. 
The rs6983267-containing element has been shown to exhibit enhancer activity in 
colorectal (Jia et al.  2009 ; Pomerantz et al.  2009 ; Sotelo et al.  2010 ; Tuupanen et al. 
 2009  )  and prostate (Jia et al.  2009 ; Sotelo et al.  2010  )  cancer cell lines, as well as in 
the developing and mature prostate of transgenic mice (Wasserman et al.  2010  ) . 
Although cell line-based assays are incredibly useful and relevant to the study of 
misexpression in cancer cells, the full spatial and temporal characterization of an 
element’s endogenous regulatory potential is ideally afforded by in vivo experimen-
tation. It is therefore of particular relevance that the rs6983267-containing enhancer 
is capable of driving reporter gene expression in the mouse prostate. 

 If SNP rs6983267 is a  cis -regulatory modi fi er of cancer risk, the two alleles 
would be expected to differentially affect enhancer potential. This allele-speci fi c 
enhancer activity has in fact been documented in colorectal cancer cell lines 
(Pomerantz et al.  2009 ; Tuupanen et al.  2009 ; Wright et al.  2010  )  and mouse pros-
tates (Wasserman et al.  2010  ) . In all four cases, the G risk allele was shown to 
exhibit stronger enhancer activity than the T protective allele in the cancer-relevant 
cell type. Of note in the in vivo system is the fact that the allele-speci fi c enhancer 
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potential seemed to be spatially restricted to the prostate and urogenital apparatus; 
enhancer activity in the genital tubercle and limbs of mouse embryos at embryonic 
day 14.5 (E14.5) did not exhibit differential activity between the G and T alleles. 
Given this enhancer’s connection to the proto-oncogene  MYC  (detailed below) in 
prostate and colorectal cancer, the presumed upregulation in the relevant tissue type 
caused by the presence of the risk variant  fi ts with the model of misexpression 
needed for oncogenic change. 

 Once the regulatory potential of the rs6983267-containing element and the allele-
speci fi c nature of the SNP itself was determined, the question as to the mechanistic 
reason for the differential activity was addressed. The cancer risk variant lies within 
a predicted TCF consensus binding sequence (Pomerantz et al.  2009 ; Tuupanen 
et al.  2009  ) . Transcription factor 7-like 2 ( TCF7L2 ) is a transcription factor in the 
Wnt signaling pathway – which is known to target  MYC  – and is activated in most 
colorectal cancers (Bienz and Clevers  2000 ; He et al.  1998  ) . Not only was TCF7L2 
shown to bind to the rs6983267-containing element in colorectal cancer cell lines, 
but Pomerantz et al. and Tuupanen et al. both demonstrated allele-speci fi c binding 
abilities corresponding to the two rs6983267 alleles: TCF7L2 has a higher af fi nity 
for the G risk allele and preferentially binds to that haplotype in heterozygous cells 
(Pomerantz et al.  2009 ; Tuupanen et al.  2009  ) . It has also been shown that TCF7L2 
binds to the rs6983267-containing element in a prostate cancer cell line (Sotelo 
et al.  2010  ) . These results suggest that the cancer-associated variant mediates risk 
through differential binding of TCF7L2 to the enhancer element. 

 The body of work described above convincingly shows that colorectal and prostate 
cancer-associated SNP rs6983267 is located within an enhancer element and that 
the SNP confers allele-speci fi c activity to its enhancer through (at least in part) the 
differential binding of TCF7L2. It does not, however, provide any link – other than 
circumstantial chromosomal location – between the  cis -regulatory element and its 
target gene. In order to de fi nitively associate the enhancer with  MYC , the ideal can-
didate gene for misregulation underlying cancer risk, the long-range regulatory ele-
ment must be shown to physically interact with  MYC ’s promoter. This can be done 
through the use of the chromosomal conformation capture (3C; Fig.  10.2c ) assay, a 
technique that assesses whether a speci fi c fragment (in this case, the rs6983267-
containing element) can loop over large genomic distances to physically connect 
with another DNA region (such as the  MYC  promoter, approximately 335 kb away) 
(Dekker et al.  2002  ) . Numerous groups have now demonstrated that the long-range 
 cis -regulatory element of interest does in fact interact with  MYC ’s promoter in both 
colorectal cancer and prostate cancer cell lines, providing very compelling evidence 
that the rs6983267-containing enhancer is functionally involved in regulating levels 
of  MYC  expression in these two tissue types (Ahmadiyeh et al.  2010 ; Pomerantz 
et al.  2009 ; Sotelo et al.  2010 ; Wright et al.  2010  ) . These results provide a crucial 
link between the  cis -regulatory risk variant and an infamous proto-oncogene known 
to be misregulated in the two relevant cancers. 

 While none of the other 8q24 gene desert risk loci has been as de fi nitively func-
tionally characterized as the LD block harboring the rs6983267-containing element, 
there is strong evidence for the existence of other long-range tissue-speci fi c  MYC  
enhancers within the cancer-associated region boundaries. Two groups have used 
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chromatin marks to identify candidate regulatory elements located in the different 
association intervals for cell line-based reporter assay tests, and both reported that 
several exhibited regulatory potential in the relevant cancer cell line (Jia et al.  2009 ; 
Sotelo et al.  2010  ) . In vivo data also exists for a mammary gland enhancer element 
contained within the breast cancer LD block, but the precise location of the  cis -
regulatory element has not yet been determined (Wasserman et al.  2010  ) . Ahmadiyeh 
et al. provided additional support for the hypothesis of multiple  MYC  enhancers 
throughout the 8q24 gene desert by demonstrating that the cancer-associated risk 
loci physically interact with the  MYC  promoter in a cell type-speci fi c manner. Their 
3C results show that the breast cancer locus (but not the prostate or colorectal cancer 
loci) loops to interact with  MYC  in a breast cancer cell line, and that the multiple 
prostate cancer loci (but not the breast or colorectal cancer loci) physically interact 
with  MYC  in a prostate cancer cell line (Ahmadiyeh et al.  2010  ) . Taken together, 
these observations suggest that each distinct cancer association interval does indeed 
harbor a functional  cis -regulatory element involved in modulating  MYC  expression 
in the corresponding tissue type for each implicated cancer. As has been proven for 
the rs6983267-containing element, the hypothesis remains that each of the  MYC  
enhancers harbors variation that in fl uences  MYC  misregulation and cancer risk.  

    10.3.2    FGFR2  and Breast Cancer Risk 

 Another example of  cis -regulatory variation underlying cancer phenotypes can be 
seen in the relationship between an intronic region of  fi broblast growth factor recep-
tor 2 ( FGFR2 ) and breast cancer risk. SNPs within this noncoding LD block exhib-
ited the strongest associations with breast cancer susceptibility in two independent 
GWAS (Easton et al.  2007 ; Hunter et al.  2007  ) . Substantiating the strong GWAS 
association,  FGFR2  – a known breast cancer oncogene – harbors activating mis-
sense mutations in some tumors and is somatically ampli fi ed in others (Katoh  2008  ) ; 
this makes it an ideal candidate for an additional  cis -regulatory-driven mechanism 
of misexpression in breast cancer patients. 

 Meyer et al. began their inquiries in the locus by determining that  FGFR2  is 
expressed at higher levels in breast cancer tumors homozygous for the intronic risk 
alleles than in tumors homozygous for the protective variants (Meyer et al.  2008  ) . 
They took this correlation as evidence for a  cis -regulatory variant within the cancer-
associated region and focused on identifying differential transcription factor binding 
abilities for the eight most strongly associated SNPs. EMSA showed that two of the 
eight candidates’ functional SNPs (rs7895676 and rs2981578) displayed an allele-
speci fi c binding pattern when assayed with nuclear extracts from a breast cancer cell 
line. By performing supershift experiments, the authors determined that the protec-
tive allele of SNP rs7895676 was binding the CCAAT/enhancer-binding protein beta 
(C/EBP b ), with the risk allele showing no binding af fi nity. In the case of SNP 
rs2981578, only the risk allele was capable of binding the runt-related transcription 
factor 2 (Runx2) (Meyer et al.  2008  ) . Both C/EBP b  and Runx2 have been previously 
implicated in breast cancer etiology: C/EBP b  is highly overexpressed in malignant 
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breast cells (Grigoriadis et al.  2006  ) , and increased Runx2 expression in breast cancer 
tumors is associated with a more severe clinical outcome (Onodera et al.  2010  ) . 

 While informative for determining whether DNA-protein complexes are able to 
form with a given sequence, EMSA cannot establish whether such interactions actu-
ally occur within cells. To determine whether the breast cancer risk SNP sites were 
occupied by the transcription factors of interest in the cellular context, ChIP experi-
ments in breast cancer cell lines homozygous for either the risk or protective haplo-
type were performed (Meyer et al.  2008  ) . Meyers et al. showed differential binding 
of Runx2 to SNP rs2981578, with the risk allele binding twice as much protein. For 
rs7895676, the protective allele was enriched for C/EBP; these results support the 
EMSA  fi ndings. The two variants of both SNPs were tested then for allele-speci fi c 
regulatory ability in breast cancer cell line luciferase reporter assays. The risk allele 
of rs2981578 stimulated expression when compared to the protective allele, while 
rs7895676 showed weaker results in the opposite direction (with the protective allele 
displaying stronger potential) (Meyer et al.  2008  ) . When the two SNPs were tested 
together in one haplotype construct – similar to in vivo conditions – the Runx2 SNP 
prevailed and the risk haplotype showed increased expression. The authors therefore 
concluded that SNP rs2981578 is likely the functional SNP, as this directionality 
correlates with increased  FGFR2  expression in tumors harboring risk alleles. 

 A second study on the same  FGFR2  breast cancer association was performed by 
Udler et al., using complimentary methods that strengthen the  cis -regulatory con-
clusions reached in the previously described work (Udler et al.  2009  ) . Taking advan-
tage of the different haplotype structure present in populations of African descent, 
the authors  fi ne-mapped the cancer-associated region in African American women 
and concluded that SNP rs2981578 is most strongly associated with breast cancer 
risk. They also investigated the chromatin state of the region of interest, reasoning 
that functional  cis -regulatory elements must be accessible to transcription factors in 
order to effectively in fl uence target gene expression. DNase I hypersensitivity 
assays performed in breast cancer cell lines showed that only two SNPs mapped to 
open chromatin: rs2981578 was one of them (Udler et al.  2009  ) . As it is also within 
a region of sequence conservation, they concluded that it is likely to be the func-
tional SNP that is in fl uencing breast cancer risk. Taken together, these two studies 
provide compelling evidence that SNP rs2981578 lies within an active enhancer 
element and differentially controls its regulatory potential through allele-speci fi c 
Runx2 binding. While neither of these studies physically links the rs2981578-
containing enhancer element to  FGFR2 ,  FGFR2  expression in tumors does corre-
late with SNP genotype, and it is an ideal functional candidate for  cis -regulatory 
oncogenic misregulation in breast cancer.  

    10.3.3    SMAD7  and Colorectal Cancer Risk 

 The two previous cases illustrated examples where presumed upregulation of oncogenes 
due to overactive enhancer element’s modulated disease risk. This story represents 
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the inverse case, where a cancer risk variant decreases the enhancer activity of an 
apparent tumor suppressor gene. Several GWAS identi fi ed colorectal cancer risk 
variants on 18q21 within a 17-kb LD block in SMAD family member 7 ( SMAD7 ) 
(Broderick et al.  2007 ; Curtin et al.  2009 ; Tenesa et al.  2008  ) , an intracellular antag-
onist of TGF-beta signaling known to in fl uence colorectal cancer progression (Levy 
and Hill  2006 ; ten Dijke and Hill  2004  ) . The associated interval spans both exonic 
and noncoding sequence, but resequencing excluded coding variations (Broderick 
et al.  2007  ) . 

 Lower  SMAD7  expression has been shown to be associated with 18q21 risk vari-
ants in lymphoblastoid cell lines (LCLs) (Broderick et al.  2007  ) , assuming that the 
causal variant was therefore asserting its risk effect through  cis -regulatory means. 
Pittman et al. resequenced the entire colorectal cancer-associated LD block in a 
panel of individuals with the goal of identifying all possible variation in fl uencing 
 SMAD7  expression in the colon (Pittman et al.  2009  ) . The strongest association with 
disease was provided by a novel SNP dubbed “Novel 1” (rs58920878), which is 
conserved down to mouse. In vivo  Xenopus  reporter assays performed to determine 
whether the region surrounding SNP Novel 1 possessed regulatory potential showed 
GFP expression in the muscle and colorectum of transgenic tadpoles; this strongly 
suggests that the Novel 1-containing element has enhancer activity (Pittman et al. 
 2009  ) . Furthermore, the authors demonstrated that the variant confers allele-speci fi c 
enhancer activity, with the risk allele driving weaker reporter gene expression in the 
gut compared to the protective haplotype. EMSA results using nuclear extracts from 
a colorectal cancer cell line revealed the protective allele forming stronger DNA-
protein complexes relative to the risk allele, con fi rming the differential nature of the 
two alleles (Pittman et al.  2009  ) . The identity of the differentially bound protein 
remains unknown, and no de fi nitive link has been established between this enhancer 
element and the presumed target gene  SMAD7 .  

    10.3.4    EIF3H  and Colorectal Cancer Risk 

 While enhancers and repressors both fall into the category of long-range  cis -regulatory 
elements, much more is known about (and many more examples exist of) enhancers. 
This is largely due to the existence of more developed methodology for identifying 
and functionally characterizing these positive regulators. One example of variation 
within a negative regulatory element can be seen in the functional follow-up to sev-
eral GWAS that identi fi ed risk variants for colorectal cancer on 8q23 within a 300-
kb region (Houlston et al.  2008 ; Middeldorp et al.  2009 ; Tomlinson et al.  2008  ) . 
After generating a  fi ne-scale map of the region, Pittman et al. determined that a 
22-kb block of LD – located 140 kb away from the nearest gene, the eukaryotic 
translation initiation factor 3, subunit H ( EIF3H ) – showed the highest association 
with disease (Pittman et al.  2010  ) . Following a similar methodology to the previ-
ously described case, they resequenced the associated region in a panel of individu-
als and prioritized four of the most strongly associated  fi ne-mapped SNPs 
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(rs16892766, “Novel 28,” rs16888589, rs11986063) based on their location within 
(or  fl anking) three evolutionally conserved elements. These three conserved ele-
ments and their internal/ fl anking-associated SNPs were cloned and tested for in vivo 
enhancer activity in  Xenopus , zebra fi sh, and mouse reporter gene transgenic assays. 
To the authors’ surprise, none of the elements exhibited enhancer activity (Pittman 
et al.  2010  ) . Luciferase reporter assays in colorectal cancer cell lines, however, 
showed that one of the conserved elements – dubbed “island 2” – functioned as an 
allele-speci fi c repressor: the protective allele A (but not the risk allele G) of SNP 
rs16888589 repressed luciferase expression below the level seen with the promoter-
only reporter construct. 

 Working on the assumption that the rs16888589-containing repressor element 
targets the nearest gene  EIF3H , Pittman et al. conducted experiments aimed at elu-
cidating the effect of differential  EIF3H  expression in colorectal cancer cell lines. 
They found that knocking down gene expression reduced cell proliferation and col-
ony formation in a soft agar assay, and that overexpressing  EIF3H  increased cell 
proliferation. This suggests the possible role of a colorectal cancer oncogene for 
 EIF3H . To further support its relevance to the functional  cis -regulatory variant 
rs16888589, 3C experiments demonstrated that the island 2 repressor physically 
interacts with the  EIF3H  promoter in colorectal cancer cell lines (Pittman et al. 
 2010  ) . Taken together, these data imply that the risk G allele of rs16888589 destroys 
the functionality of its long-range  EIF3H  repressor element, likely increasing 
 EIF3H  expression and possibly in fl uencing colorectal cancer risk.   

    10.4   Misuse of Enhancer Elements at Translocation 
Breakpoints 

 Translocations are mutations where two nonhomologous chromosomes become 
joined. Genomic instability – a characteristic of many tumors – results in an 
increased number of translocations, some of which can have oncogenic effects on 
cells. These recurrent abnormal karyotypes were among the  fi rst genetic alterations 
to be identi fi ed in cancer cells, as they were visible using classic cytogenetic 
approaches. As technology progressed, it became clear that the speci fi c chromo-
somal breakpoints of a translocation were key to determining its potential impact of 
cell growth and differentiation. Some oncogenic translocations join the coding 
sequence of two different genes, generating a fusion protein capable of promoting 
tumorigenesis. Others result from the juxtaposition of one gene’s regulatory land-
scape (long-range  cis -regulatory element/s) with the coding sequence of another 
gene (Fig.  10.1f ). Enhancers are promiscuous elements, capable of interacting 
with any promoter that enters their range of in fl uence. This promiscuity allows for 
the improper activation of a gene outside its normal spatial range; this second exam-
ple falls within the bounds of  cis -regulatory variation underlying cancer etiology, 
as it involves the change to a gene’s expression pattern due to alterations in its 
 regulatory control. 
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    10.4.1   Immunoglobulin Translocations 
and Hematologic Cancers 

 Recurrent translocations between the immunoglobulin (Ig) loci and assorted oncogene-
partners are hallmark of many leukemia and lymphoma cancers and a seminal 
example of aberrant oncogene transactivation due to chromosomal translocation 
(Nambiar et al.  2008 ; Willis and Dyer  2000  ) . During normal B cell development, 
the Ig heavy- and light-chain genes (IgH and IgL) undergo a process of rearrange-
ment to produce a functional surface antigen receptor. These rearrangements are 
mediated by carefully controlled double-stranded DNA breaks (Kuppers  2005 ; 
Willis and Dyer  2000  ) . While the mechanisms vary between cancer types and in 
many cases the precise pathogenesis of Ig translocations remain unclear, it is thought 
that many of the oncogenic translocations occur as mistakes during V(D)J recombi-
nation or during class-switching recombination (Kuppers  2005  ) . Regardless of their 
mechanistic origins, these recurrent chromosomal rearrangements result in the jux-
taposition of the active Ig  cis -regulatory landscape and the coding portion of a given 
proto-oncogene, causing the production of a deregulated constitutively active onco-
gene in B cells. 

 The t(14;18)(q32;q21) translocation is the most common chromosomal rear-
rangement in low-grade lymphomas (Duan et al.  2008  ) . Its consequence is to bring 
the anti-apoptotic proto-oncogene B cell CLL/lymphoma 2 ( bcl-2 ) from chromo-
some 18q21 to the IgH locus on 14q32, yielding a deregulated and overexpressed 
 bcl-2  gene. Prolonged cell survival due to this misexpression has been shown to 
contribute to the development of lymphomas (Desoize  1994  ) . While this common 
translocation was originally identi fi ed using cytogenetic approaches decades ago, 
work performed during the last several years has been crucial to uncovering the  cis -
regulatory elements and mechanisms through which the IgH regulatory landscape 
in fl uences  bcl-2  misexpression. 

 The IgH locus harbors a cluster of long-range enhancer elements (the 3 ¢  IgH 
enhancers) comprised of four DNase I hypersensitive sites; these elements have 
been shown to function as a locus control region in B cells (Khamlichi et al.  2000  ) . 
Direct evidence for the 3 ¢  IgH enhancers’ involvement in misregulating  bcl-2   fi rst 
came from reporter gene assays in cell lines linking the 3 ¢  IgH enhancers directly to 
the  bcl-2  promoter. These constructs recapitulated the deregulation observed in 
lymphomas, with the Ig  cis -elements driving high levels of expression and mimick-
ing a  bcl-2  promoter usage shift seen in vivo (Duan et al.  2007  ) . The enhancer ele-
ments are 350 kb away from the translocation breakpoint in vivo, leaving the 
question of how they mediated  bcl-2  expression still open. 

 With the advent of 3C technology, Duan et al. asked whether the 3 ¢  IgH enhanc-
ers were capable of looping to physically interact with the  bcl-2  promoter in t(14;18)
(q32;q21) cells (Duan et al.  2008  ) . Using two lymphoma cell lines – one with the 
translocation and one without – the authors looked for interactions between probes 
at the  bcl-2  promoter and those located in and around the 3 ¢  IgH enhancer cluster. 
They found that the two loci do indeed physically interact in the lymphoma line 
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harboring the translocation, and that the interaction signal dropped off quickly 
outside of the enhancer cluster. Furthermore, they demonstrated that treatment with 
a drug known to decrease  bcl-2  transcription from the translocated locus (trichosta-
tin A) dramatically decreased the IgH enhancer/ bcl-2  promoter interaction as mea-
sured by 3C (Duan et al.  2005,   2008  ) . This correlation between 3 ¢ IgH enhancer 
looping and  bcl-2  expression provides strong evidence for the enhancers’ direct role 
in modulating  bcl-2  deregulation. 

 The gold standard for any functional hypothesis is to create a mouse model that 
recapitulates the desired phenotype. Xiang et al. were able to do just that by show-
ing that the introduction of the 3 ¢  IgH enhancers into the endogenous mouse  bcl2  
locus caused  bcl-2  deregulation and the formation of follicular lymphomas (Xiang 
et al.  2011  ) . Using mouse embryonic stem (ES) cells, they knocked in the sequence 
surrounding the 3 ¢  IgH enhancers into the 3 ¢  region of the  bc-l2 , approximately 
170 kb downstream of the  bcl-2  promoter. The authors then characterized the mice, 
demonstrating an increase in B cell-speci fi c  bcl-2  overexpression, extended B cell 
survival, and a physical interaction between the endogenous  bcl-2  promoter and the 
knocked-in 3 ¢  IgH enhancers. Finally, they showed that the mice developed B cell 
lymphomas (Xiang et al.  2011  ) . These results conclusively prove that the 3 ¢  IgH 
enhancers are the  cis -regulatory elements functionally responsible for the misregu-
lation of  bcl-2  seen in the t(14;18)(q32;q21) translocation.  

    10.4.2    TMPRSS2/ETS  Transcription Factor Translocations 
and Prostate Cancer 

 The oncogenic misexpression of proteins due to translocation is a signature of 
hematologic cancers, and very few recurrent chromosomal arrangements have been 
identi fi ed in solid tumors (Mitelman  2000  ) . One exception is a translocation com-
monly seen in prostate cancers that juxtaposes the 5 ¢  untranslated region of the 
chromosome 21q22.2 gene transmembrane protease serine 2 ( TMPRSS2 ) – and all 
of the  cis -regulatory elements contained within – with members of the  ETS  tran-
scription factor gene family (Kumar-Sinha et al.  2008  ) .  ETS  transcription factors are 
key proto-oncogenes involved in the control of cell growth, cell cycle regulation, 
and apoptosis and are known to be overexpressed in numerous cancers (Hsu et al. 
 2004  ) . Tomlins et al.  fi rst identi fi ed this translocation by searching for “outlier” 
genes characterized by relatively low expression in most prostate cancer microarray 
pro fi les but highly overexpressed in a small percent of samples (Tomlins et al. 
 2005  ) . Two  ETS  family transcription factors, v-ETS erythroblastosis virus E26 
oncogene homolog ( ERG ) and ETS variant 1 ( ETV1 ), appeared in their analysis. 
The authors investigated the nature of the  ERG  and  ETV1  overexpression in prostate 
cancer cell lines and specimens by performing exon-walking qPCR, where the 
expression level of each exon was interrogated individually. They noted that for 
both genes, the 5 ¢  exon(s) were expressed at a reduced level compared to the rest of 
the protein; this suggested the presence of a translocation breakpoint between the 
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normally expressed exon(s) and the downstream overexpressed neighbors. By using 
5 ¢  RNA ligase-mediated rapid ampli fi cation of cDNA ends (RACE) technology, 
they were able to discover that the 5 ¢  exon(s) of  ERG  and  ETV1  had been replaced 
with the 5 ¢  untranslated region of  TMPRSS2  (Tomlins et al.  2005  ) . These two trans-
locations were con fi rmed using  fl uorescence in situ hybridization (FISH), a tech-
nique that allows for the visualization of marked chromosomal locations in 
interphase cell spreads. 

  TMPRSS2  is a prostate-speci fi c, androgen-responsive gene that is expressed in 
both normal and neoplasic prostate tissue (Lin et al.  1999  ) . The  ETS  gene transloca-
tions result in a fused transcript consisting of the 5 ¢  untranslated  fi rst exon of 
 TMPRSS2  and the  ERG  or  ETV1  gene body; so while this translocation technically 
creates gene fusion products, there is no actual coding contribution from  TMPRSS2  
(Kumar-Sinha et al.  2008  ) . Instead, it is the  TMPRSS2  promoter and other  cis -
regulatory elements contained within the 5 ¢  untranslated region and further upstream 
that cause the misexpression of the  ERG  or  ETV1  transcripts. 

 Work in cell lines and transgenic mice suggests that the  ETS  gene overexpression 
may result in increased invasiveness, suggesting a mechanism through which the 
translocation could mechanistically in fl uence prostate cancer progression (Kumar-
Sinha et al.  2008  ) .  ERG  is the most commonly overexpressed oncogene in prostate 
cancer (Petrovics et al.  2005  ) , and the  TMPRSS2  translocation was found to be pres-
ent in 90% of cases exhibiting overexpression of  ERG  or  ETV1  (Tomlins et al. 
 2005  ) . Therefore, this  cis -regulatory gene fusion may underlie  ETS  oncogenic over-
expression in the majority of prostate cancer cases.   

    10.5   Summary 

 Cancer, a disease of uncontrolled cellular proliferation, occurs when the genes nor-
mally responsible for regulating cell growth and division become misexpressed 
and cells gain the ability to bypass crucial cell cycle checkpoints. This overexpres-
sion of growth-promoting proto-oncogenes or underexpression of growth-curbing 
tumor suppressor genes can be caused by a plethora of different genetic mecha-
nisms, and often, the same key genes are subject to a variety of independent altera-
tions. One means of tumorigenic misexpression is through mutations or variations 
affecting  cis -regulatory elements. As described here, such  cis -regulatory changes 
are involved in the etiology of many different cancers and may help to explain the 
genetic underpinnings of these complex diseases. Recently, GWAS have been 
instrumental in identifying common risk variants in noncoding regions; functional 
follow-ups to these associations have resulted in the characterization of alterna-
tions in many  cis -regulatory elements affecting the expression of nearby tumori-
genic genes. Whether in the promoter, long-range elements such as enhancers or 
silencers or in the overall architecture of a gene’s  cis -regulatory landscape, these 
mutations and variants have taught us much about the role of noncoding changes to 
cancer risk and progression. 
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 While these  cis -regulatory changes can have profound effects on gene expression, 
they are only one component of tumorigenic gene misexpression. Previously 
touched upon were other mechanisms that alter DNA sequence or structure: muta-
tions to coding sequence, large-scale deletions or duplications, or translocations that 
create fusion proteins. Another facet of gene regulation – namely, epigenetic marks 
and their dynamics – will also prove critical to understanding cancer etiology. While 
this type of variation has no impact on DNA sequence, it is likely to be at least as 
crucial as variation in noncoding DNA as a causative agent in tumorigenesis and 
may help provide a link between the environmental factors known to play a role in 
cancer risk and actual gene expression changes. It is already well understood that 
cancer cells have profound methylation changes at many promoters (Esteller  2008 ; 
Feinberg and Tycko  2004  ) , and the chromatin marks that help to de fi ne active and 
closed  cis -regulatory elements and domains will also likely be linked to oncogenic 
misexpression. Future research will likely uncover the mechanisms linking epige-
netics and cancer, enriching our understanding of the full impact  cis -regulatory 
alterations have on tumorigenesis.      

 Abbreviations  

  3C    Chromosomal conformation capture   
   bcl-2     B cell CLL/lymphoma 2   
  C/EBP b     CCAAT/enhancer-binding protein beta   
  ChIP    Chromatin immunoprecipitation   
  E14.5    Mouse embryonic day 14.5   
   EIF3H     Eukaryotic translation initiation factor 3 subunit H   
  EMSA    Electrophoretic mobility shift assay   
   ERG     v-ETS erythroblastosis virus E26 oncogene homolog   
  ES    Embryonic stem   
   ETV1     ETS variant 1   
   FGFR2     Fibroblast growth factor receptor 2   
  FISH    Fluorescence in situ hybridization   
   FOXE1     Forkhead box E1   
  GFP    Green  fl uorescent protein   
  GWAS    Genome-wide association studies   
  Ig    Immunoglobulin   
   KCNIP3     Kv channel interacting protein 3 calsenilin   
  LCLs    Lymphoblastoid cell lines   
  LD    Linkage disequilibrium   
   MSMB     Microseminoprotein beta   
   MYC     Proto-oncogene v-myc myelocytomatosis viral oncogene homolog   
  RACE    RNA ligase-mediated rapid ampli fi cation of cDNA ends   
   RUNX2     Runt-related transcription factor 2   
   SMAD7     SMAD family member 7   
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  Abstract   Cohesin is a four-protein complex capable of tethering sister chromatid 
strands together. With the help of multiple facilitating proteins, cohesin plays essen-
tial cellular functions in sister chromatid cohesion during mitosis and meiosis, DNA 
repair, gene expression, and maintaining 3-D genome organization. Cohesin is 
required for cell division, maintaining pluripotency of stem cells and ensuring nor-
mal organ development. Defective cohesin genes have been associated with several 
rare human developmental disorders including Cornelia de Lange syndrome and 
Roberts/SC phocomelia syndrome, as well as several malignancies. Here, we pro-
vide an overview of cohesion biology and our current understanding as to how 
cohesin defects cause human disorders.  

  Keywords   Cohesin  •   NIPBL   •   SMC1A   •   SMC3   •  Cornelia de Lange syndrome  
•  ATRX  •  Roberts syndrome  •  Mitosis  •  Meiosis  •  DNA double-strand breaks  
•  CTCF  •  Warsaw breakage syndrome  •  Malignancies       

    11.1   Overview of Cohesion 

 In order to maintain genomic stability and integrity, cells need to ensure precise 
separation of identical chromosome sets into daughter cells during cell division. 
During mitosis and meiosis II, sister chromatid cohesion (SCC), tight alignment of 
sister chromatids, is indispensible to establish attachment of sister chromatids to 
bipolar metaphase spindles and thus to allow equal separation of sister chromatids 
upon release of cohesion. In contrast, SCC ensures sister chromatids are tethered 
together and distributed appropriately during meiosis I. The protein complex required 
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for cohesion is called cohesin, an SMC (structural maintenance of chromosome) 
complex in eukaryotic cells. The other two types of SMC complexes are condensin 
and the Smc5/Smc6 complex (Losada and Hirano  2005  ) . Cohesin includes four 
core protein components: Smc1, Smc3, Scc1 (Rad21), and Scc3 (stromalin/SA1/
SA2/STAG3). The four-protein complex assembles on chromosomes and stably 
associates with DNA in cells from G1 to metaphase (Gerlich et al.  2006 ; McNairn 
and Gerton  2009  ) . Mitotic and meiotic cohesion requires a different protein com-
plex but with similarities to the cohesin complex (Table  11.1 ). In addition to these 
four core proteins, several facilitating proteins such as Scc2 (NIPBL), Scc4 (Mau-
2), ECO1, Wapal, Pds5, separase, and securin are required for dynamic loading and 
establishment or stabilization of the cohesin complex through cell cycle progression 
(Feeney et al.  2010  ) . Beyond its canonical role in sister chromatid cohesion, more 
recently cohesin has been found to play important roles in repairing double-strand 
DNA breaks, regulating gene expression, and maintaining higher-order chromatin 
structure. Involvement of cohesin in these essential molecular functions determines 
its indispensible roles in cell proliferation, maintaining stem cell pluripotency and 
ensuring normal organism development. Defects in cohesin genes have been associ-
ated with human diseases such as Cornelia de Lange syndrome (Krantz et al.  2004 ; 
Tonkin et al.  2004  )  and Roberts/SC phocomelia syndrome (Schule et al.  2005 ; Vega 
et al.  2005  ) , and cohesion defects have been implicated in other disorders including 
  a  -thalassemia/mental retardation syndrome, X-linked (ATRX) (Gibbons et al.  1995 ; 
Ritchie et al.  2008  )  and the Warsaw breakage syndrome (WBS) (van der Lelij et al. 
 2010  ) . Additionally, several types of cancer have been found to have mutations in 
cohesin-associated structural and regulatory genes (see below for details).   

    11.2   Cohesin Subunits 

    11.2.1   Core Cohesin Components 

 It was initially thought that the DNA strands of the sister chromatids were inter-
twined with each other, and it was the DNA catenation that kept sister chromatids 
tethered together during metaphase (Murray and Szostak  1985  ) . A later study found 
that intertwined DNA strands had been decatenated by topoisomerase II before 
attachment of sister chromatids to the bipolar spindle poles (Koshland and Hartwell 
 1987  ) , indicating that other factors are responsible for holding chromatids together. 
Following this study, several essential cohesin genes such as  Smc1 ,  Smc3 , and  Scc1  
( MCD1 ) were identi fi ed from genetic studies performed in the yeast,  S. cerevisiae  
(Michaelis et al.  1997 ; Guacci et al.  1997  ) . This discovery was followed by the 
identi fi cation of several more cohesin and cohesin-associated genes from various 
species. All these cohesin structural proteins and associated facilitating components 
are highly conserved across species from single cell organisms (yeast) to complex 
organisms (humans). Although mitotic and meiotic cohesin complexes are not 
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      Table 11.1    Cohesin genes in various species. ( a ) Genes encoding cohesin core components that 
are mitosis speci fi c are highlighted in  blue , and meiosis speci fi c are highlighted in  yellow . Modi fi ed 
from Nasmyth and Haering  (  2009  )  .  ( b ) Genes encoding cohesin regulatory proteins       

Species

SMC1 SMC3 SCC1 SCC3

Mitosis Meiosis Mitosis Meiosis Mitosis Meiosis

S. cerevisiae SMC1 SMC3 SCC1=MCD1 REC8 SCC3=IRR1

S. pombe psm1 psm3 rad21 rec8 psc3 rec11

Caenorhabditis 
elegans him-1 smc-3

scc-1
coh-1

rec-8
coh-3

scc-3

Drosophila 
melanogaster SMC1 Cap Rad21=vtd c(2)M

SA
SA-2

Danio rerio smc1a smc1b smc3 rad21 Zgc:136888
LOC564533
LOC563669
wu:fc17g12

Xenopus laevis smc1a smc1b smc3 rad21 rec8
stag1
stag2

Mus musculus Smc1a Smc1b Smc3 Rad21
Rec8

Rad21L

Stag1

Stag2

Stag3

Homo sapiens SMC1A SMC1B SMC3 RAD21 REC8
STAG1 
STAG2

STAG3

Species

Cohesin Loading
Cohesion

Establishment 
Anti-establishent of

Cohesion 
Cleavage
 of Scc1 

Protection of
Separase
cleavage  

SCC2 SCC4 ESCO Wapal Pds5 Separase Securin

S. cerevisiae SCC2 SCC4 ECO1 RAD61 PDS5 ESP1 PDS1

S. pombe mis4 ssl3 eso1 wpl1 pds5 cut1 cut2

Caenorhabditis 
elegans pqn-85 mau-2 F08F8.4 wapl-1 evl-14 sep-1 ify-1

Drosophila 
melanogaster

Nipped-B CG4203 San
eco

wapl pds5 Sse thr pim

Danio rerio Nipblb LOC79412
9

LOC10033328
2

KIAA0261
pds5a

pds5b
espl1 pttg1

Xenopus laevis Nipbl kiaa0892 esco1 Wapal espl1 LOC398156

Mus musculus Nipbl Mau2 Esco1 Wapal Espl1 Pttg1

Homo sapiens NIPBL MAU2
ESCO1

ESCO2
WAPAL

PDS5A

PDS5B ESPL1 PTTG1

a

b

pds5a

pds5b

pds5a

pds5b
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identical, both contain two SMC subunits (e.g., SMC1 and SMC3 in budding yeast), 
a kleisin subunit (e.g., SCC1 and REC8 in budding yeast) which functions to bridge 
the two SMC proteins and a HEAT repeat containing subunit (e.g., SCC3 in budding 
yeast) (Table  11.1 ). HEAT domains were initially found in four eukaryotic proteins: 
 H untingtin,  E longation factor 3, protein phosphatase 2 A , and the yeast PI3-kinase 
 T OR1 (Andrade and Bork  1995  ) , and consist of repeats of two antiparallel alpha-
helices    and two turns that form around a common axis. 

 SMC1 and SMC3 have similar protein architecture (Fig.  11.1a ). Generally, an 
SMC protein is mainly an alpha-helix peptide with two nucleotide-binding motifs 
(called Walker A and Walker B motifs) at both ends and a globular hinge domain 
lying in the middle of the alpha-helix peptide. Folding at the hinge domain brings  
the two halves of the alpha-helix peptides together to form a long, antiparallel 
coiled-coil domain (Melby et al.  1998  ) . Thus, the Walker A and Walker B motifs 
associate together to form an ATP-binding head domain. Overall, an SMC protein 
displays a dumbbell-shaped architecture with a rod shape of long coiled-coil capped 

  Fig. 11.1     Cohesin structure and models for interaction with DNA.  ( a ) SMC1, SMC3, RAD21 and 
SA1/SA2 are cohesin core components, being able to form a ring-shaped structure. SMC1 and 
SMC3 are depicted as a rod shape of a long coiled-coil capped with a globular hinge domain and 
an ATP-binding head domain at both ends.  N - and  C -termini of RAD21 bind to ATP head domains 
of SMC3 and SMC1A, respectively. SA1/SA2 binds with RAD21 at its cleavage site by separase. 
( b ) The “Ring” model. A single cohesin ring embraces the two sister chromatids together. ( c ) The 
“Handcuff” model. Each cohesin ring structure embraces a single chromatid and two rings associate 
to effect cohesion of the sister chromatids       
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with a globular hinge domain and an ATP-binding head domain at both ends 
(Fig.  11.1a ). SMC1 and SMC3 form a V-shaped heterodimer through a stable hydro-
phobic interaction between two hinge domains. SCC1 (MCD1/Rad21) serves to 
link ATPase domains in SMC complexes (Schleiffer et al.  2003  ) . The N- and 
C-termini of SCC1 associate with head domains of SMC3 and SMC1, respectively. 
Although the SMC1 and SMC3 heterodimer can bind with DNA by itself in vitro, 
addition of SCC1 dramatically increases the binding af fi nity with DNA, especially 
with cruciform DNA (Sakai et al.  2003  ) . These biochemical interactions among 
SMC1, SMC3, and SCC1 support the role of these three proteins which is to form a 
tripartite ring-like structure to encircle sister chromatids together topologically 
(Fig.  11.1b ). Electron micrographs revealed that the antiparallel coiled-coil arm of 
the SMC1/SMC3 dimer is about 50 nm in length and can form a ring structure with 
SCC1 with a diameter of 30–35 nm which is large enough to embrace 10-nm DNA 
 fi bers (Haering et al.  2002  ) . SCC1 is cleaved by a cysteine protease called separase/
Esp1 (Uhlmann et al.  1999  ) . It was shown that cohesin is released from DNA upon 
cleavage of SCC1 or SMC3 (Uhlmann et al.  2000  ) . This further supports that 
cohesin associates with DNA topologically rather than by physical binding (Gruber 
et al.  2003  ) . It remains uncertain how the ring structure embraces sister chromatids 
although several models have been proposed (see below for details).  

 SCC3 is a HEAT repeat protein that directly binds with SCC1 to complete the 
core cohesin complex. The binding site of SCC3 to SCC1 appears to occur within 
the separase cleavage region. SA1, SA2, and STAG3 are mammalian homologues 
of SCC3 with distinctive functions. It was suggested that SA1 is essential for telomere 
cohesion and SA2 is required for centromere cohesion (Canudas and Smith  2009  ) . 
STAG3 is a germinal-cell-speci fi c protein that functions during meiotic cohesion 
(Prieto et al.  2001  ) .  

    11.2.2   Cohesin Facilitating Factors 

 The distribution of cohesin on the chromosomes is highly dynamic in different cell 
cycle phases and in different developing tissues. In addition to the aforementioned 
four core components, several cohesin auxiliary factors, e.g., SCC2 (Nipped-B/
NIPBL), SCC4 (MAU2), ECO1 (Eco/ESCO1/ESCO2), Pds5 (PDS5A/PDS5B), 
Rad61 (Wpl/Wapl/WAPAL), ESP1 (separase), and PDS1 (securin), play indispen-
sible roles in the spatial and temporal regulation of loading, establishment, and 
protecting cohesin (Table  11.1 ). 

 SCC2 is a HEAT repeat-containing protein (Neuwald and Hirano  2000  ) . SCC2 
and SCC4 form a tight stoichiometric complex. The SCC2/SCC4 complex (NIPBL/
MAU2 complex in humans) as well as the ATPase activity of SMC1/SMC3 is 
required for loading cohesin onto the chromatids (Ciosk et al.  2000  ) . The exact 
mechanism of how the Scc2/Scc4 complex loads cohesion onto DNA remains 
unclear. It has been observed that only a small part of the SCC2/SCC4 complex 
associates with cohesin (Arumugam et al.  2003  )  and the SCC2/SCC4 complex is 



222 D. Xu and I.D. Krantz

not required for maintenance of cohesion (Ciosk et al.  2000 ; Bernard et al.  2006  ) , 
supporting the hypothesis that the SCC2/SCC4 complex transiently associates with 
cohesin and facilitates cohesin loading by adjusting the open/close status of the 
cohesin rings. Nipped-B and NIPBL were found to be the homologues of SCC2 in 
 Drosophila  and humans, respectively (Krantz et al.  2004 ; Tonkin et al.  2004 ; Rollins 
et al.  1999  ) .  Nipped-B  was identi fi ed from a genetic screen to  fi nd genes mediating 
long-range interaction between distant enhancer and promoter regions of a homeo-
box gene called  cut  (Rollins et al.  1999  ) , indicating a novel function of the cohesin 
complex in regulating gene expression. Metazoans are very sensitive to dosage of 
Nipped-B/NIPBL. Reduction of 30% of NIPBL in humans with heterozygous 
 NIPBL  mutation causes a severe multisystem developmental disorder called Cornelia 
de Lange syndrome (CdLS) (Borck et al.  2006  ) . The observation that sister chroma-
tid separation and cell division are not severely affected in CdLS patient cells added 
supporting evidence to a new role for cohesin in gene expression and development 
(see below for details). It was observed by  fl uorescence recovery after photobleach-
ing (FRAP) in  Drosophila  salivary glands that cohesin binds the chromosomes with 
a weak (20 s duration) and a stable (340 s duration) mode. Decreasing Nipped-B 
transcript levels to about 30% of normal levels in a heterozygous  fl y mutant result 
in one third reduction in the amount of stable cohesin binding to the chromosome 
(Gause et al.  2010  ) . This is consistent with the function of Nipped-B as a cohesin 
loader and the dosage sensitivity of Nipped-B/NIPBL in  fl y and humans observed 
from the aforementioned studies. 

 Another HEAT repeat protein, precocious dissociation of sisters 5 (PDS5), as 
well as Wings apart-like 1 (Wapl1), presents a weak association with tripartite cohe-
sion rings (Neuwald and Hirano  2000 ; Panizza et al.  2000 ; Rowland et al.  2009  ) . 
PDS5 and Wapl1 form a complex to inhibit cohesion establishment. This antiestab-
lishment effect can be antagonized by acetylation of Smc3 by ECO1while DNA is 
replicating (Gandhi et al.  2006 ; Kueng et al.  2006  ) . Pds5 is important for animal 
development based on the severe defects observed in the  Pds5  knockout mouse. 
 Pds5  homozygous knockout mice are lethal after birth and have features that over-
lap with those seen in CdLS such as developmental delay, congenital heart defects, 
and limb defects (Zhang et al.  2007,   2009  ) . 

 In yeast, ESP1 (separase) is required for the release of cohesin from chromo-
somes when cells transit from metaphase to anaphase. After sister chromatids are 
attached to the mitotic spindle apparatus and aligned at the equatorial plate, the E3 
ubiquitin ligase APC/C (anaphase-promoting complex/cyclosome) is activated, and 
it degrades securin (PDS1), a protector of cohesin which binds with separase. Thus, 
separase is released from securin’s inhibitory binding and actively cleaves its target 
SCC1 resulting in the release of cohesin from the chromatids (Hauf et al.  2001 ; 
Uhlmann  2001  ) . However, in human cells, the protease-dependent cleavage of 
RAD21 is only responsible for releasing a small part of cohesin from the pericen-
tromeric region in anaphase. Cohesin that is localized to the chromosome arms is 
removed by a separase-independent approach (Hauf et al.  2001 ; Waizenegger et al. 
 2000 ; Hauf et al.  2005  )  (see below for details).   
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    11.3   Cohesins in Mitosis and Meiosis 

 From the introduction above, we can see that different species contain similar but 
not identical cohesin subunits. Moreover, some cohesin components are mitotic or 
meiotic speci fi c (Table  11.1 ). For instance, most species contain two SCC1 homo-
logues. One forms mitotic cohesin and another one belongs to meiotic cohesin. 
Human and  Xenopus  have SMC1A that is active during mitosis and SMC1B that is 
active during meiosis. STAG3 is a human homologue speci fi c for meiotic cohesion, 
and its counterparts for mitotic cohesion are SA1 and SA2 (Nasmyth and Haering 
 2009  ) . Rad21L, a paralog of Rad21, is a recently identi fi ed meiosis-speci fi c cohesin 
component (Ishiguro et al.  2011 ; Lee and Hirano  2011 ; Gutierrez-Caballero et al. 
 2011  ) . It is conceivable that meiosis and mitosis require different cohesin com-
plexes with distinct SCC1 homologues because, during mitosis, SCC1 needs to be 
cleaved leading to separation of sister chromatids in anaphase, while during meiosis 
I, sister chromatids need to be tethered tightly and not be pulled apart by the bipolar 
spindle microtubule  fi bers. Differences are also observed for cohesin in different 
chromosomal regions. It has been reported that cohesin is removed from chromo-
some arms during meiosis I and remains in the centromeric regions until metaphase 
of meiosis II (Klein et al.  1999 ; Watanabe and Nurse  1999  ) . It has also been demon-
strated that SA1/STAG1 and SA2/STAG2 are more active in telomere and centromere 
cohesin, respectively (Canudas and Smith  2009  ) , demonstrating distinctive activities 
and regulation of centromeric and telomeric cohesion.  

    11.4   Interaction Between Cohesin and Chromatin 

    11.4.1   Models of Cohesin Binding with Sister Chromatids 

 Several models have been proposed to illustrate how the cohesin complex holds 
sister chromatids together including a “single ring” model and several types of 
“handcuff” models (Fig.  11.1b ,  c ). The “ring” model proposes that a tripartite ring 
structure consisting of SMC1, SMC3, and SCC1 encircles both sister chromatids 
together (Fig.  11.1b ). The ring model is supported by several lines of evidence. 
First, cleavage of cohesin components or linearization of DNA causes release of 
cohesin from DNA (Uhlmann et al.  2000 ; Ivanov and Nasmyth  2007  ) . Second, dif-
ferent cohesin complex units do not associate with each other based on results from 
co-immunoprecipitation (Haering et al.  2002  )  and  fl uorescence resonance energy 
transfer (FRET) experiments (Mc Intyre et al.  2007  ) . Lastly, cross-linking of a tri-
partite structure consisting of SMC1, SMC3, and SCC1 produces minichromosome 
dimers which are resistant to protein denaturation by the detergent SDS (Haering 
et al.  2008  ) . This latter study further supported the single ring model by showing 
that the fraction of DNA dimers is equivalent to the fraction of cross-linked cohesin 
rings and 50% of DNA dimers survive after cleaving half of the rings. However, it 
has also been shown that cohesin subunits SMC1, SMC3, and Rad21/SCC1 interact 
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with themselves in an SA/SCC3-dependent manner, supporting the “handcuff” 
model which proposes that a cohesin ring structure encircles a single DNA strand 
and two rings associate or interconnect each other (Zhang et al.  2008a  )  (Fig.  11.1c ). 
This model is also supported, at least for some heterochromatic regions, by the 
 fi nding that the larger diameter of heterochromatin regions would seem incapable of 
 fi tting two DNA  fi bers in a single cohesin ring as proposed by the “ring” model 
(Chang et al.  2005  ) . Nevertheless, the common point of these models is that they all 
demonstrate that the cohesin complex tethers sister chromatids together through 
topological interactions instead of physical binding.  

    11.4.2   Cohesin Loading 

 The association of cohesin with chromatids starts at variable cell cycle phases in 
different species. Cohesin associates with chromatids after nuclear envelope forma-
tion in telophase in mammalian cells (Darwiche et al.  1999  )  and at the end of G1 
phase in yeast (Michaelis et al.  1997 ; Guacci et al.  1997 ; Lengronne et al.  2004  ) . 
ATP hydrolysis and the SCC2/SCC4 (NIPBL/MAU2) complex are required for 
loading of cohesin on to chromatids (Fig.  11.2a ). It is not clear if opening of the 
hinge domain of the SMC dimer or transient removal of SCC1/Rad21 is the mecha-
nism by which cohesin rings entrap DNA. Studies in yeast have shown that SCC2 
does not co- localize with cohesin on the chromosomes and cohesin relocates to 
convergent transcription regions on the chromosomes after loading (Lengronne 
et al.  2004  ) . Interestingly, studies using  Drosophila  cells revealed a different pat-
tern.  Drosophila  Nipped-B and cohesin co-localize throughout the genome, and 
they preferentially bind to actively transcribed regions (Misulovin et al.  2008  ) . It is 
not clear why this difference between species exists. However, overlapping of 
Nipped-B and cohesin with RNA polymerase II in  Drosophila  supports a function of 
Nipped-B and cohesin in regulating gene expression, a likely mechanistic role that 
leads to CdLS when cohesin regulation or function is disrupted.  

 As noted above, cohesin rings are loaded onto DNA  fi bers through the action of the 
SCC2/SCC4 complex and ATP hydrolysis by the SMC subunits prior to DNA replica-
tion. De novo loading of cohesin also occurs after DNA replication when double-
stranded break-induced DNA repair occurs (see below for details). Preloaded cohesin 
becomes cohesive during DNA replication. Establishment of sister chromatid cohe-
sion (SCC) generally occurs along with PCNA (proliferating cell nuclear antigen)-
dependent DNA replication in S phase (Moldovan et al.  2006  )  and is dependent on 
ECO1 (ESCO1/ESCO2), an acetyltransferase (Moldovan et al.  2006 ; Toth et al. 
 1999  ) . Thus, cohesion generation and DNA replication fork progression are closely 
associated processes. It was noted that some cohesion is generated at replication forks 
(Lengronne et al.  2006  ) . ECO1 has been found to be a critical factor during SCC 
establishment and DNA replication. ECO1 acetylates SMC3 at two conserved lysine 
sites (K112 and K113 in yeast SMC3) in the ATPase domain, and the acetylation only 
occurs at the onset of S phase. Several studies have demonstrated that SMC3 
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acetylation by ECO1 is required for cohesion establishment (Rolef Ben-Shahar et al. 
 2008 ; Unal et al.  2008 ; Zhang et al.  2008b  )  (Fig.  11.2a ). Given the essential function 
in cohesion generation, ECO1 has been found to physically interact with several other 
proteins involved in both SCC establishment and DNA replication including chromo-
some transmission  fi delity 18 (Ctf18), enhanced level of genomic instability 1 (Elg1) 
(Kenna and Skibbens  2003 ; Parnas et al.  2009  ) , PCNA, and chromosome loss 1 (Chl1) 
(Moldovan et al.  2006 ; Mayer et al.  2001,   2004 ; Inoue et al.  2007  ) . 

 In contrast with the function of Eco1 in establishing cohesion, PDS5 and RAD61, 
two cohesin-associated proteins, form a complex and manifest an antiestablishment 
function (Rowland et al.  2009 ; Sutani et al.  2009 ; Peters and Bhaskara  2009  )  
(Fig.  11.2a ). Acetylation of SMC3 by ECO1 can act against this antiestablishment 
effect, probably by changing the ATPase activity of SMC3 and affecting interac-
tions among SCC3, PDS5, and RAD61 (Heidinger-Pauli et al.  2010  ) . Given the 
function of Wpl1 in establishing cohesion, loss of its homologue in lower organisms 
and higher organisms (e.g.,  RAD61  in  S. cerevisiae  and  WAPAL  in humans) surpris-
ingly results in an opposite effect. Depletion of  WAPAL  in human cells results in 
increased cohesin binding to DNA (Gandhi et al.  2006  ) . However, mutations in 
 RAD61  result in decreased cohesin binding (Sutani et al.  2009  ) . The reason for these 
distinct phenotypes remains unclear.  

    11.4.3   Cohesin Dissolvement 

 Dissolving cohesin before cytokinesis is as equivalently important as establishing 
cohesion for ensuring normal cell division. Cohesin needs to be dissolved to allow 
chromosome separation. As previously noted, the APC/C (anaphase-promoting 
complex or cyclosome) and the separase pathway is required for removing cohesin 
in yeast. However, in metazoans, more than 90% of cohesin is released through a 
non-proteolytic process (also known as the prophase pathway) which is promoted 
by phosphorylation of RAD21 and SA2 by a polo-like kinase and aurora B. PDS5 
and WAPAL are shown to be required for the releasing process, possibly though 
altering the ring conformation (Gandhi et al.  2006 ; Kueng et al.  2006 ; Shintomi and 
Hirano  2009,   2010  )  (Fig.  11.2a ). Shugoshin (Sgo) and protein phosphatase type A 
(PP2A) inhibit phosphorylation of SA and prevent the remaining 10% of cohesin, 
which assembles in the pericentromeric region, to be dissolved from the chromo-
somes until the onset of anaphase. The pericentromeric cohesins are released in 
anaphase after cleavage of RAD21 by separase (Oliveira et al.  2010  ) . In short, in 
lower organisms, most of cohesin remains bound to the DNA until metaphase and 
is released after SCC1 is cleaved by separase upon APC/C activation. In metazoans, 
cohesin is dissolved in a two-step process in which cohesin on the chromosome 
arms is removed by a separase-independent process in prophase and subsequently 
cohesin in the pericentromeric regions is released in anaphase with RAD21 being 
cleaved by separase. These processes are tightly regulated by controlling phospho-
rylation of cohesin components by polo-like kinases and aurora B.   
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    11.5   Cohesin’s Function in Double-Strand 
DNA Break Repair 

 Evidence supporting cohesin’s function in DNA double-strand break (DSB) repair 
has been noted even before the identi fi cation of its function in SCC. It was shown 
that mutation of  rad21  in  S. pombe  results in defects in repairing DNA damage 
caused by radiation (Birkenbihl and Subramani  1992  ) . More evidence supporting 
cohesin’s function in DSB repair has been accumulated since. 

 The two main approaches for eukaryotic cells to repair DSB in DNA include 
non-homologous end joining (NHEJ) and homologous recombination (Hartlerode 
and Scully  2009  ) . The NHEJ pathway usually results in loss of genetic material and 
causes chromosomal instability due to directly fused DNA breaks. The homologous 
recombination pathway uses a homologous template, such as the DNA strand of a 
sister chromatid, to accurately repair damaged DNA. Homologous recombination 
requires the impaired chromatid and its sister chromatid to be closely tethered. 
Thus, it is conceivable that cohesin, which tethers sister chromatids together, is 
required for DSB during the G2 phase. 

 Although most of cohesion has been established during S phase, repairing DNA 
DSB requires the generation of de novo cohesion after DNA replication. The cohesin 
loading protein SCC2 (Strom et al.  2004 ; Unal et al.  2004  )  and establishment pro-
tein ECO1 (Sjogren and Nasmyth  2001  )  are indispensible for DSB repair. SCC2 
and ECO1 generate new cohesion near breakpoints when DSB occurs. The newly 
established cohesion is believed to further tightly tether damaged DNA and its sister 
chromatid and maintain the chromosomal structure. 

 SCC establishment during both DNA replication and DSB reparation requires 
the same cohesin loading and establishment factors. However, distinct protein 
modi fi cations have been observed for cohesion required for repairing DSB. It has 
been shown that cohesin components need to be phosphorylated to ef fi ciently carry 
out DNA damage repair function. For instance, SMC1 and SCC1are phosphory-
lated by the kinases, ataxia telangiectasia mutated (ATM) and checkpoint kinase 1 
(Chk1), respectively, in response to DSB DNA damage (Kim et al.  2002 ; Yazdi 
et al.  2002 ; Heidinger-Pauli et al.  2009  ) . Chk1 phosphorylates Ser83 of Scc1, which 
promotes acetylation of SCC1 by ECO1. The acetylation of SCC1 inhibits the anti-
establishment effect of Wpl1 (RAD61) (Heidinger-Pauli et al.  2009  ) . In contrast, 
SMC3 is acetylated by ECO1 to antagonize RAD61 as cohesion is established dur-
ing DNA replication. 

 Most of the early evidence supporting cohesin’s role in DNA damage repair 
came from studies performed in yeast. Later, it was shown that the SMC1/SMC3 
complex is also recruited to DSB regions in human cells (Potts et al.  2006  ) . The 
recruitment of the cohesin complex is promoted by SMC5/SMC6, which is known 
to function in DNA damage repair. Interestingly, in response to DNA damage, PDS1 
in yeast is stabilized and, in contrast, securin, the human homologue of PDS1, is 
degraded. The phosphorylation of SMC1 at Ser957 and Ser966 by ATM and ATR 
(ATM- and Rad3-related) is critical for DNA damage responses (Kim et al.  2002 ; 
Yazdi et al.  2002 ; Garg et al.  2004 ; Kitagawa et al.  2004  ) . More recently, it was 
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reported that human NIPBL is recruited to DNA DSB sites that are dependent on 
mediator of DNA damage checkpoint 1 (MDC1), ring  fi nger protein 168 (RNF168), 
and heterochromatin protein 1  g  (HP1 g ) (Oka et al.  2011  ) , indicating that DSB repair 
requires de novo recruitment of cohesin. MDC1 and RNF168 are known to accumu-
late at DSB sites. It was also observed that the ATM-dependent phosphorylation of 
SMC1 is critical for the mobilization of cohesin in response to ionizing radiation-
induced DSB responses (Bauerschmidt et al.  2011  ) . 

 In summary, DNA DSB stimulates generation of de novo post-replication SCC 
in G2 phase by activating several cell cycle checkpoint-related kinases. The speci fi c 
modi fi cation of cohesin components by these checkpoint proteins is important for 
cohesin’s recruitment to DSB sites and for repairing these DNA breaks.  

    11.6   Noncanonical Functions of Cohesin 

 Sister chromatid cohesion and double-strand break DNA repair are two universal 
functions of cohesin. The observation that cohesin associates with chromosomes in 
interphase indicated that cohesin might have sister chromatid cohesion-independent 
roles (Darwiche et al.  1999  ) . Some noncanonical functions of cohesin such as regu-
lating gene expression, controlling the epigenetic states of chromatids, forming 
higher-order chromatin structures, and maintaining normal subnuclear organization 
have been described in recent years. 

    11.6.1   Cohesin’s Function in Regulating Gene Expression 

 The function of cohesin in regulating gene expression has been established by 
several observations. The cohesin core components Smc1 and Smc3 were shown to 
facilitate the boundary element at the yeast Hidden MAT Right (HMR) mating-type 
locus to prevent the spreading of the silencing effect from the HMR domain to its 
neighboring chromatin region, possibly through mediating the formation of chro-
mosome loop structure in this region (Fig.  11.2b ) (Donze et al.  1999  ) . Additional 
and critical supporting evidence was the discovery of  Drosophila  Nipped-B as an 
essential factor facilitating long-range communication between distant enhancers 
and promoters of essential developmental genes such as  cut  and  Ultrabithorax  
homeobox genes (Rollins et al.  1999  ) . Later on, the identi fi cation of heterozygous 
mutations in  NIPBL ,  SMC1A , or  SMC3  as the cause of CdLS in humans further sup-
ported the role of cohesin in regulating gene expression. This is due to the observa-
tion that SCC and cell division are not signi fi cantly affected in CdLS probands’ 
cells and a conserved pattern of genome-wide expression disruption was observed 
in these cells that was signi fi cantly distinct from controls (Krantz et al.  2004 ; Tonkin 
et al.  2004 ; Liu et al.  2009 ; Deardorff et al.  2007 ; Kaur et al.  2005 ; Musio et al. 
 2006  ) . Interestingly, reduction of  SMC1  and  SA  in  Drosophila  results in opposite 
effects on  cut  expression and phenotypes as observed in  Nipped-B  mutants in which 
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long-range activation of  cut  expression is suppressed and the wing margin nick 
effect is enhanced (displaying more nicks along the wing margin) (Rollins et al. 
 2004 ; Schaaf et al.  2009 ; Dorsett et al.  2005  ) . These contrasting results might re fl ect 
a Nipped-B-dependent dynamic interaction among cohesin, DNA, and other tran-
scriptional regulators. 

 Cohesin’s function in regulating gene expression has been intensively investi-
gated in recent years. A series of chromatin immunoprecipitation (ChIP) studies for 
de fi ning genome-wide distribution of cohesin in various species has greatly improved 
our understanding of this noncanonical role of cohesin. These studies revealed that 
cohesin localization on chromosomes is distinct in different species and also in 
different cell types (see review by Merkenschlager  2010   ). 

 In  S. cerevisiae , cohesin relocates to convergent transcription chromosomal 
regions after initial loading at transcription sites. In  S. pombe , cohesin also locates 
at convergent transcription sites. Cohesin, in  S. pombe , is actively involved in regu-
lating transcription termination between convergent genes and the heterochromatin-
associated RNA interference machinery which recruits a series of proteins, including 
cohesin components, to sites of bidirectional transcription so as to de fi ne transcrip-
tion termination sites (Gullerova and Proudfoot  2008  ) . 

 In  Drosophila , Nipped-B and cohesin co-localize throughout the genome, and 
they preferentially bind to the promoter and coding regions of actively transcribed 
genes (Misulovin et al.  2008  ) . These studies with  Drosophila  cell lines showed that 
cohesin and Nipped-B’s binding on DNA overlaps with RNA polymerase II and is 
excluded from silenced regions marked with histone H3 lysine 27 trimethylation 
(H3K27me3). Interestingly, cohesin’s binding is tightly associated with the on/off 
state of gene expression. For instance, cohesin and Nipped-B binding to the Abd-B 
homeobox gene locus is present in cells in which this gene is expressed and absent 
in cells in which it is silenced (Misulovin et al.  2008  ) . Although cohesin binding is 
excluded from silenced regions in  Drosophila  cells, rare exceptions exist. Some 
genes such as  Enhancer of split  [ E(spl)-C ] and  invected-engrailed  complexes are 
bound with both cohesin and polycomb group (PcG) silencing protein. These genes 
usually express at low or moderate level, suggesting cohesin and PcG act together 
to suppress gene expression in these cases. Interestingly, these gene regions display 
a bivalent histone modi fi cation pattern, having both the silencing histone mark 
H3K27me3 and activating mark H3K4me3. This bivalent feature might help to 
explain the dramatic shift of these genes’ expression from suppression to activation 
upon knocking down of cohesin. A similar bivalent phenomenon is also observed 
for the most upregulated genes upon knocking down cohesin in mouse embryonic 
cells (Kagey et al.  2010  ) . 

 A biphasic response to cohesin levels was observed for some cohesin and PcG 
co-bound genes while knocking down cohesin in  Drosophila  cells. These genes 
decrease their expression in the  fi rst 3 days when cohesin is reduced by 30% but 
increase their expression by day 6 when cohesin is further reduced up to 80%. This 
observation reveals that some genes’ expression is highly sensitive to cohesin lev-
els. It was hypothesized that this might relate to a balance between cohesin and 
PcG. Small changes in cohesin levels at a threshold point might break this balance 
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and shift expression state ef fi ciently from one direction to another. A “weak” and a 
“stable” form of cohesin binding with chromosomes has also been described in 
 Drosophila  salivary glands. By FRAP assay, the two types of binding displayed a 
20- and 340-second duration, respectively. The amount of stable form is signi fi cantly 
reduced in heterozygous Nipped-B mutants in which Nipped-B expression is 
decreased by approximately 30% (Gause et al.  2010  ) , suggesting that stable binding 
of cohesin is crucial for gene regulation. 

 In mammalian cells, cohesin binding is enriched in DNase I hypersensitive sites 
and conserved noncoding sequences and co-localizes with CCCTC-binding factor 
(CTCF) (Parelho et al.  2008 ; Wendt et al.  2008 ; Rubio et al.  2008  ) . CTCF is thought 
to associate with insulators. Insulators are stretches of DNA sequence that serve as 
blocking elements to prevent the spreading of chromosomal architecture from one 
chromosomal region to its neighboring region or to inhibit communication between 
enhancers/silencers and promoters(Ohlsson et al.  2010  ) . As an insulator-related 
protein, CTCF plays roles in de fi ning imprinting and heterochromatin regions and 
facilitates chromosome loop formation (Fig.  11.2b ) (Ohlsson et al.  2010  ) . Around 
1,800 and 8,000 cohesin/CTCF co-localization sites have been identi fi ed in non-
repetitive regions of the mouse and human genome, respectively (Parelho et al. 
 2008 ; Wendt et al.  2008  ) . About 89% of cohesin binding sites co-localize with 
CTCF sites in humans. These cohesin/CTCF sites are preferentially enriched within 
a few kilobases of genes, suggesting their function in regulating gene expression 
(Wendt et al.  2008  ) . It is unlikely that cohesin itself can recognize a speci fi c DNA 
sequence and selectively bind to this DNA region. It is more likely that cohesin 
interacts with the CTCF protein and its binding position on DNA is determined by 
this binding partner. This is supported by experiments in which knockdown of 
CTCF abolishes cohesin binding and the direct interaction between CTCF and 
cohesin subunit Scc3. Moreover, knocking down CTCF affects the expression of 
several hundred genes but does not affect the overall amount of cohesin binding to 
DNA (Wendt et al.  2008  ) . Thus, it is thought that CTCF helps to recruit cohesin to 
CTCF sites and co-localization of cohesin and CTCF is critical for normal gene 
expression. 

 Co-localization of CTCF and cohesin implies that cohesin mediates CTCF func-
tion. Wendt et al. showed that the enhancer blocking effect of CTCF in the H19 
imprinting control region is dependent on cohesin (Fig.  11.2b ) (Wendt et al.  2008  ) . 
Hadjur et al. further showed that RAD21 and cohesin promote interferon-gamma 
( IFNG ) expression by regulating CTCF-dependent DNA loop formation (Hadjur 
et al.  2009  )  (see below for details). Considering the broad spectrum of CTCF func-
tion, the close association of cohesin and CTCF might provide hints for understand-
ing cohesin’s potential function in regulating gene expression and the epigenetic 
state of chromatin. 

 Additional evidence clearly supporting the SCC-independent role of cohesin in 
gene regulation came from studies of postmitotic neuronal development in the 
 Drosophila  mushroom body (Pauli et al.  2008 ; Schuldiner et al.  2008  ) . The mush-
room body, an essential structure in  Drosophila  brain, is involved in olfactory learn-
ing and memory. Axon pruning is a general natural developmental process to form 
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mature neuronal circuits. During  Drosophila  mushroom body development,  g  neu-
rons initially extend excess dendrites and axons before pupae formation followed 
by an extensive pruning process to remove all the dendrites and most of the axon 
branches after pupae formation (Lee et al.  1999  ) . By analyzing mushroom body 
development in  SMC1  mutants, Schuldiner et al. found that SMC1 is required for  g  
neuron pruning partially through the regulation of the steroid hormone ecdysone 
receptor B1 ( EcR-B1 ) gene expression (Schuldiner et al.  2008  ) . More interestingly, 
the  g  neuron pruning defect of the mutant can be rescued by expressing  SMC1  or 
 EcR-B1  in these postmitotic neurons. In another independent study, Pauli et al. gen-
erated a transgenic  Drosophila  with a modi fi ed cohesin subunit  RAD21  which is 
cleavable by the tobacco etch virus (TEV) protease (Pauli et al.  2008  ) . They observed 
that expression of TEV protease in the postmitotic neurons (effectively removing 
cohesin from these cells) causes a  g  neuron pruning defect and lethality. Considering 
 g  neuron pruning is a postmitotic process and cohesin subunits are not disturbed 
before this process, these results clearly reveal SCC-independent roles of cohesin in 
regulating gene (e.g.,  EcR-B1 ) expression. This is further supported by an addi-
tional study in the postmitotic  Drosophila  salivary gland using the transgenic TEV 
cleavable  Rad21  (Pauli et al.  2010  ) , demonstrating that cleavage of RAD21 induces 
changes in many genes’ expression including some genes in the ecdysone steroid 
signaling pathway. Ecdysone signaling is critical for morphogenesis and molting 
during  Drosophila  development. It involves many essential cellular processes such 
as apoptosis, cell division, cell polarity, and cell differentiation (Galikova et al. 
 2011  ) . Cohesin might also be associated with these cellular processes through the 
regulation of ecdysone receptor expression. Cohesin has also been found to 
co- localize with the estrogen receptor in a CTCF-independent manner in response 
to estrogen in human MCF-7 breast cancer cells (Schmidt et al.  2010  ) , further 
suggesting that cohesin plays a role in regulating gene expression. This function is 
critical for the developing organisms and cells to be able to respond to hormone 
stimulation and seems to be evolutionally conserved and mitosis independent.  

    11.6.2   Cohesin Facilitates DNA Looping and Higher-Order 
Genome Architecture 

 As mentioned above, cohesin co-localizes with CTCF sites in mammalian cells and 
correlates with gene expression. The exact mechanism of how cohesin regulates 
gene expression is not fully understood. One proposed model is that cohesin might 
facilitate DNA looping, so as to regulate communication between distal regulatory 
elements and promoters and thus to affect the state of gene expression. This has 
been supported by several recent studies discussed below. 

 A CTCF-associated insulator plays an important role in controlling reciprocal 
imprinting of the  IGF2 / H19  locus on the paternal and maternal alleles (Bell and 
Felsenfeld  2000 ; Hark et al.  2000 ; Szabo et al.  2000  ) .  IGF2  and  H19  are located 
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within ~100 Kb on the same chromosome and are separated by an insulator sequence 
upstream of  H19 . This insulator is also called the ICR (imprinting control region). 
The ICR is methylated on the paternal allele, preventing CTCF binding and inhibit-
ing the enhancer blocking effect of CTCF. Thus,  IGF2  is activated by the enhancer 
on the paternal allele. In contrast, the ICR is not methylated on the maternal allele, 
allowing CTCF binding. The CTCF binding blocks communication between the 
enhancer and  IGF2 . Thus, maternal  IGF2  is inactivated. The paternal and maternal 
chromatins at this region were observed to form different chromatin structures. 
CTCF-dependent DNA loops were observed on the maternal allele (Engel et al. 
 2008 ; Kurukuti et al.  2006 ; Li et al.  2008 ; Qiu et al.  2008 ; Yoon et al.  2007 ; Murrell 
et al.  2004  )  in mice. Cohesin also binds to this CTCF site and is required for this 
blocking effect (Fig.  11.2b ) (Wendt et al.  2008  ) . In order to test if cohesin contrib-
utes to the enhancer blocking effect through the facilitation of DNA looping at this 
locus, Nativio et al. analyzed the higher-order chromatin structure using the quanti-
tative chromosome conformation capture (3C) technique after knocking down 
 RAD21  by RNAi in normal breast epithelial cells (Nativio et al.  2009  ) . They found 
that the overall chromatin association between CTCF sites is signi fi cantly reduced 
upon knocking down  RAD21  and the chromatin association with CTCF sites 
between the  IGF2  and  H19  locus is reduced by 30% in G2 phase of the cell cycle. 
The association between  IGF2  and the enhancer is not reduced, and it changes from 
monoallelic to biallelic association following knockdown, consistent with the 
observed activation of  IGF2  transcription. These results support the idea that 
cohesin, recruited by CTCF to the insulator sequence, regulates gene expression by 
stabilizing higher-order chromatin conformation. The chromatin association is also 
affected in G1 cells in which no cohesion exists, suggesting that this function is 
independent of SCC (Nativio et al.  2009  ) . 

 Cohesin facilitated DNA looping was also reported to be required for the activa-
tion of gene expression during development. Hadjur et al. showed that Rad21 and 
cohesin promote  IFNG  expression by regulating CTCF-dependent DNA loop 
formation while naive CD4 T cells are induced to form specialized T helper (T 

H
 ) 1 

cells (Hadjur et al.  2009  ) . Knocking down  RAD21  reduced long-range chromatin 
interactions at the  IFGN  locus and the level of inducible transcripts of  IFGN  in T 

H
 1 

cells. These results indicate that cohesin is involved in long-range chromosomal 
associations and facilitates cell-type-speci fi c gene activation or suppression. 

 Additional evidence indicates that CTCF sites and DNA looping play an essen-
tial function in regulating gene expression in the  b -globin locus (Splinter et al. 
 2006 ; Hou et al.  2010 ; Chien et al.  2011  )  and the human IL-3/GM-CSF (interleu-
kin-3/granulocyte-macrophage colony-stimulating factor) region (Bowers et al. 
 2009  ) . It is possible that cohesin also contributes to the higher-order chromosomal 
conformation at these loci. In summary, there is increasing evidence supporting 
cohesin’s noncanonical role in DNA looping. However, it remains unclear whether 
cohesin stabilizes intrachromosomal con fi rmation through additional protein inter-
actions or by direct “entrapment” of DNA strands using the single ring or two-ring 
handcuff model.  
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    11.6.3   Cohesin Interacts with Mediator to Maintain 
Pluripotency of Stem Cells by Facilitating DNA Looping 

 Through an RNAi screen to identify important regulators of mouse embryonic stem 
cell state maintenance, many cohesin and mediator subunits have been identi fi ed 
(Kagey et al.  2010  ) . Knocking down cohesin core components ( Smc1A ,  Smc3 , and 
 Stag2 ) and the cohesin loading factor  Nipbl  causes deceased expression of essential 
pluripotency genes such as  Oct4 ,  Sox2 , and  Nanog  and increased expression of 
some differentiation markers, leading to loss of stem cell morphology. Genome-
wide localization of Smc1 and Smc3 in mouse embryonic stem cells was investi-
gated by using ChIP-Seq assays (chromatin immunoprecipitation combined with 
massively parallel DNA sequencing). The results indicated that two types of cohesin 
binding exist in embryonic stem cells. One is co-bound with CTCF and is unrelated 
to RNA polymerase II (Fig.  11.2b ), and the other binds with mediator around 
enhancer and core promoter regions and is associated with RNA polymerase II 
(Fig.  11.2c ). Interestingly, the cohesin loading factor Nipbl only co-binds to enhancer 
and core promoter regions with the mediator complex, indicating that Nipbl prefer-
entially binds to actively transcribed genes. The physical interaction between medi-
ator, cohesin, and Nipbl at enhancer and core promoter regions implies that these 
proteins might contribute to the formation of DNA loops between the enhancer and 
core promoter region. Indeed, DNA looping was con fi rmed between the enhancer 
and promoter of several pluripotency genes such as  Oct4 ,  Nanog ,  Phc1 , and  Lefty1  
by 3C assays in ES cells but not in mouse embryonic  fi broblast cells in which these 
genes are silenced. These results strongly supported the idea that mediator and 
cohesin act to facilitate the association of enhancers and promoters of active genes 
by forming DNA loops in a cell-type-speci fi c manner (Fig.  11.2c ). Thus, cohesin 
and mediator function to maintain pluripotency of ES cells by activating pluripotent 
gene expression. 

 Cohesin has also been reported to be essential for subnuclear localization of 
genetic elements such as tRNAs, heterochromatin, and telomeres (see details in the 
review by Bose and Gerton  2010   ). Proper subnuclear localization of these genetic 
elements is critical for maintaining their integrity and active/silenced state.   

    11.7   Cohesin Studies from Multiple Animal Models 

    11.7.1   Cohesin Studies in Fruit Flies 

  Drosophila Nipped-B  mutants are among the earliest animal models developed to 
study the cohesin complex and provided a fundamental base for exploring the role 
of cohesin in regulating gene expression and animal development (Rollins et al. 
 1999,   2004 ; Dorsett et al.  2005  ) . Studies from  Drosophila  cohesin mutants suggest 
that cohesin plays a SCC-independent function, mediating long-range chromosomal 
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interactions between distant enhancers and promoters of target genes (Dorsett  2007 ; 
Hallson et al.  2008  )  (see above discussion).  

    11.7.2   Cohesin Studies in Zebra fi sh 

 Cohesin has also been shown to be required for  Runx  gene expression in zebra fi sh. 
 Runx  genes are transcription factors essential for differentiation of multiple cell 
lineages during early embryogenesis and are involved in hematopoiesis, osteogen-
esis, neurogenesis, and gastric epithelial cell growth control (Blyth et al.  2005 ; Ito 
 2004  ) . Hors fi eld et al. showed that a  Rad21  mutation, or knockdown of  Smc3 , 
impaired  Runx  expression and led to a series of developmental defects including 
failure of blood cell differentiation (Hors fi eld et al.  2007  ) .  Runx  expression defects 
were also observed in the heterozygous  Rad21  mutants. Subsequently, Rhodes et al. 
revealed that  myca  (zebra fi sh  myc ) is positively regulated by cohesin, consistent 
with the observation in  Drosophila  (Rhodes et al.  2010  ) .  Myc  is also involved in 
multiple critical cellular processes during development. In contrast to the observa-
tions from the  Rad21  mutant and  Smc3 -depleted  fi sh,  Runx 1 is normally expressed 
and  myca  is upregulated in  Esco2 -depleted zebra fi sh embryos (Monnich et al.  2011  ) . 
Biallelic mutations in  Esco2  in humans cause Roberts syndrome (RBS) (Schule 
et al.  2005 ; Vega et al.  2005  ) . The  Esco2 -depleted zebra fi sh embryos presented 
RBS-like features including craniofacial and limb defects. Cell cycle blocking at 
G2/M phase and high levels of cell death are also observed in these embryos. 
Expression pro fi le studies further revealed that genes involved in cell cycle and 
apoptosis are affected in the  Esco2 -depleted embryos, suggesting that proliferation 
and apoptosis abnormalities might be responsible for the features seen in RBS.  

    11.7.3   Cohesin Studies in Mice 

 More than half of the probands with Cornelia de Lange syndrome (CdLS) carry 
heterozygous mutations in  NIPBL . In order to establish a mouse model of CdLS, 
Kawauchi et al. generated mice with a heterozygous gene-trap mutation of  Nipbl  
(Kawauchi et al.  2009  ) . These heterozygous mice display several features similar to 
human CdLS probands including prenatal growth delay, craniofacial anomalies, 
microbrachycephaly, congenital heart defects, failure to thrive, and hearing loss. These 
mice also had delayed bone maturation, irregular behavior, and high ratio of early 
lethality. Similar to the CdLS probands (and  Nipped-B  mutant  Drosophila ), the mutant 
heterozygous mice demonstrate  Nipbl  transcript levels that are about 70% of wild-
type levels, and sister chromatid cohesion was not affected. Gene expression studies 
revealed the misregulation of many genes, suggesting that the underlying pathogenic 
mechanism is likely related to cohesin’s role in regulating gene expression. 
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 Pds5 along with Wp11 associates with the cohesin ring and acts to inhibit 
cohesion establishment (Neuwald and Hirano  2000 ; Panizza et al.  2000 ; Rowland 
et al.  2009  ) . Interestingly, homozygous  Pds5  knockout mice have multiple defects 
that also overlap with features seen in CdLS (Zhang et al.  2007,   2009  ) . Pds5A and 
Pds5B are two homologues of Pds5 in vertebrates. Both homozygous  Pds5A  and 
 Pds5B  knockout mice display early mortality and many other developmental mal-
formations including congenital heart defects, cleft palate, skeletal defects, and 
growth retardation. In contrast, renal agenesis is observed in  Pds5A  null mice, and 
limb defects are observed in  Pds5B  null mice. Double homozygous mutants of 
 Pds5A  and  Pds5B  are lethal in the very early embryonic stages, while loss of three 
alleles of  Pds5  causes a later embryonic lethality, suggesting that appropriate dos-
age of  Pds5  is critical for development. Cohesion defects were not observed in these 
mutant mice either, suggesting that the developmental defects of these mice are not 
related to the cohesion function of cohesin.  Rad21  heterozygous mice are sensitive 
to irradiation treatment and display defects in DNA repair (Xu et al.  2010  ) . 

 As mentioned before, some cohesin components are unique to mitosis or meio-
sis. In many species, Rec8 substitutes SCC1/Rad21 in meiotic cohesion. Similarly, 
Smc1B and Stag3 are meiosis-speci fi c cohesin components.  Rad21L  is a newly 
identi fi ed member of the meiosis-speci fi c cohesin complex (Ishiguro et al.  2011 ; 
Lee and Hirano  2011 ; Gutierrez-Caballero et al.  2011  ) . Mice with mutations in 
several meiosis-speci fi c cohesin genes such as  Rec8 ,  Smc1B , and  Rad21L  have been 
generated in recent years (Bannister et al.  2004 ; Xu et al.  2005 ; Revenkova et al. 
 2004 ; Herran et al.  2011  ) . Not surprisingly, all these mutant mice display infertility/
sterility phenotypes and various meiotic defects.   

    11.8   Cohesin and Human Disorders 

 As outlined above, cohesin plays important roles in sister chromatid cohesion, double-
strand DNA break repair, gene expression, and ensuring higher order of chromatin 
structure. A number of human disorders have been found to be caused by the disrup-
tion of structural and regulatory cohesin-associated genes and have collectively been 
termed the “cohesinopathies.” The two most well characterized of these disorders are 
Cornelia de Lange syndrome (CdLS) and Roberts syndrome (RBS). 

    11.8.1   Cornelia de Lange Syndrome (CdLS) 

 Cornelia de Lange syndrome (CdLS) (OMIM #122470, #300590, and #610759), 
also referred to as Brachmann–de Lange syndrome, was initially reported by Vrolik 
in 1839 and Brachmann in 1916 (Vrolik  1849 ; Brachmann  1916  ) . Cornelia de Lange 
reported two unrelated individuals with strikingly similar features and proposed the 
diagnostic criteria for this condition in 1933 (Lange  1933  ) . 
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 CdLS is a dominantly inherited genetically heterogeneous diagnosis characterized 
by multiple organ system differences including typical facial features, somatic 
growth delay, intellectual disability, limb defects (primarily affecting the upper 
limbs), congenital heart defects, hirsutism, and gastrointestinal and other visceral 
system involvement (Liu and Krantz  2009,   2008  ) . The prevalence of CdLS is esti-
mated to be approximately 1 in 10,000 (Opitz  1985  ) . However, this is likely an 
underestimate as the clinical presentations can be quite variable and milder cases 
are likely not recognized as CdLS. 

 The facial features are the most clinically consistent and recognizable  fi ndings in 
CdLS (Fig.  11.3 ). Most individuals have a short neck, low posterior hairline, hirsute 
forehead, arched eyebrows, synophrys, ptosis, thick and long eyelashes, low-set 
ears,  fl attened midface, short nose, long philtrum, a thin upper lip with downturned 
corners, a high (or cleft) palate, widely spaced teeth, and micrognathia (Jackson 
et al.  1993 ; Kline et al.  2007a,   b  ) . Typical extremity  fi ndings range from small hands 
and small feet to more severe reduction defects (primarily affecting the ulnar struc-
tures) of the upper limbs (seen in approximately one third of probands) (Fig.  11.3 ). 
Disproportional shortening of the  fi rst metacarpal with resulting proximally placed 
thumb, brachydactyly, clinodactyly, and single palmar creases are common  fi ndings 
(Jackson et al.  1993  ) . Probands can also have radial head dislocation with radioul-
nar synostosis and incomplete elbow extension (Jackson et al.  1993  ) . Hypertrichosis 
is mainly on the face, back, and extremities. Cutis marmorata can also be seen in 
half of the probands (Jackson et al.  1993  ) . Multiple organ systems are involved in 
CdLS. Gastroesophageal re fl ux disease (GERD) is almost universal (Luzzani et al. 
 2003  ) . Pyloric stenosis, diaphragmatic hernia, malrotation, and increased risk for 
volvulus formation have also been frequently reported (Masumoto et al.  2001  ) . 
A quarter of probands also have a congenital heart defects, the most common being 
ventricular or atrial septal defects, although other lesions are also seen (Mehta and 
Ambalavanan  1997 ; Tsukahara et al.  1998  ) . Renal malformations and dysfunction 
can be seen as well (e.g., vesicoureteral re fl ux, pelvic dilatation, and renal dyspla-
sia) (Selicorni et al.  2005  ) . Ophthalmologically peripapillary pigmentation, high 
myopia, ptosis, blepharitis, mild forms of microcornea, and nasolacrimal duct 
obstruction are more commonly described (Wygnanski-Jaffe et al.  2005  ) . Auditory 
and vestibular anomalies include both sensorineural and conductive hearing loss, 
recurrent otitis media, and sinusitis (Sataloff et al.  1990 ; Kaga et al.  1995  ) . 
Orthopedic manifestations, beyond the upper limb de fi ciencies, include hip disloca-
tion or dysplasia, scoliosis, tight Achilles tendons, and delayed maturation of bone 
(Roposch et al.  2004 ; Russell et al.  2001  ) . Genitalia are in general hypoplastic with 
cryptorchidism, micropenis, and hypospadias being commonly seen in males and 
small labia majora in females. Fertility is normal among less severely affected 
probands (Russell et al.  2001  ) . Premature aging has been suggested (Jackson et al. 
 1993 ; Kline et al.  2007b  ) . There is no obvious increased risk of cancer. 
Thrombocytopenia has also been consistently reported (Froster and Gortner  1993  ) .  

 Probands have proportionate small stature that occurs prenatally, usually mani-
festing late in the second trimester. At birth, all measurement parameters tend to be 
below the 10th percentiles, and fall to below the  fi fth percentiles by early childhood, 
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with growth paralleling the standard growth curves. CdLS-speci fi c growth curves 
are available (Kline et al.  1993  ) . In adulthood, both the average height and weight 
are below the third percentiles, with a mean head circumference of 49 cm that is 
consistent with signi fi cant microcephaly (Kline et al.  1993  ) . 

 Developmental delay and intellectual disability are typically observed. Speech 
and language are most signi fi cantly affected, while perceptual organization and 

  Fig. 11.3     Clinical features in CdLS.  ( a – c ) Facial features in probands with ( a ) a truncating  NIPBL  
mutation, ( b ) an  SMC1A  mutation, and ( c ) an  SMC3  mutation. Note characteristic facial appear-
ance in all probands ( arched eyebrows,  fl at nasal root, short upturned nasal tip, long philtrum, and 
thin upper lip ); however, the features are much more pronounced in the child with the truncating 
 NIPBL  mutation as compared to the children with  SMC1A  and  SMC3  mutation. ( d – h ) Photographs 
of the variable involvement of the hands and forearms in children with CdLS. ( d ) Depicts the more 
severe end of the spectrum with complete absence of the ulnar structures and severely hypoplastic 
radius with the only digit formed being the thumb, ( e ) an intermediate form of oligodactyly, where 
the radial structures are relatively preserved. ( f ) Mild involvement of the hand with micromelia 
( small hands ) and  fi fth  fi nger clinodactyly and hypoplasia and ( g – h ) the hands of the same proband 
demonstrating the asymmetrical involvement that is typical in CdLS       
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visual–spatial memory are more preserved. The average IQ ranges from mild to 
moderate intellectual disability; however, both borderline normal intelligence and 
severe intellectual disability are commonly reported. Learning continues through-
out life without evidence of regression (Kline et al.  1993  ) . 

 Almost every proband has behavioral issues that may be caused or aggravated by 
physical complications, including self-injurious behavior, obsessive–compulsive 
behaviors, attention de fi cit disorder with or without hyperactivity, short attention 
span, sleep disturbances, depression, and autistic features (Luzzani et al.  2003 ; 
Berney et al.  1999 ; Hyman et al.  2002 ; Moss et al.  2005  ) . Seizures are the primary 
neuropathological manifestation. No speci fi c electroencephalography (EEG) pattern 
has been described, and the seizures can generally be well managed with standard 
medical intervention. Both hypertonicity and hypotonia occur. Probands tend to 
have a high pain threshold probably due to poorly characterized peripheral neuropa-
thy (Kline et al.  2007a  ) .  

    11.8.2   CdLS due to  NIPBL ,  SMC1A , or  SMC3  Mutations 

 About 60% of CdLS probands have a heterozygous mutation in  NIPBL . Genotype–
phenotype correlations among a large number of probands indicate that 
haploinsuf fi cient  NIPBL  mutations (protein-truncating mutations such as nonsense 
mutations, splice site mutations, and out-of-frame deletions or insertions) usually 
result in a more severe cognitive and structural phenotype than missense mutations 
(Gillis et al.  2004  ) . Approximately 5% of probands with a clinical diagnosis of 
CdLS were found to have missense or small in-frame deletion mutations in  SMC1A , 
and one individual was found to have an in-frame 3 bp deletion in the  SMC3  gene 
(Deardorff et al.  2007  ) . The  SMC1A  and  SMC3  cases have mild to moderate intel-
lectual disability without signi fi cant impairments in growth or structural abnormali-
ties of the limb or other organ systems (Deardorff et al.  2007  ) . Notably, probands 
with  SMC1A  or  SMC3  mutations demonstrated some clinical features that are in 
contrast to the “classical” form of CdLS (Deardorff et al.  2007  ) . This cohort tends 
to have a more prominent nasal bridge than is typically seen in CdLS (Musio et al. 
 2006  ) , and the majority of them had birth weights within normal parameters with 
normal head circumferences and growth measures later in life as well (Fig.  11.3 ). 
For the most, walking and speech are often acquired, and overall, they exhibit a 
milder level of cognitive involvement (Deardorff et al.  2007  ) . The molecular etiol-
ogy of the remaining 35% of probands is unknown at this time.  

    11.8.3   Roberts/SC Phocomelia Syndrome 

 Roberts/SC phocomelia syndrome (RBS OMIM #268300; SC OMIM #269000) is 
an autosomal recessive developmental disorder caused by homozygous or compound 
heterozygous mutations in the  ESCO2  gene (Schule et al.  2005 ; Vega et al.  2005  ) . 
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The clinical features of Roberts syndrome are distinct from CdLS but with some 
overlap (Schule et al.  2005 ; Vega et al.  2010  )  and include growth retardation, 
symmetric mesomelic shortening of the limbs (in which the upper limbs were more 
commonly and severely affected than the lower limbs), and characteristic facies 
with microcephaly (Vega et al.  2010  ) . The severity of malformations of the facies 
tends to correlate with the severity of limb reduction (Vega et al.  2010  ) . 

 The facial feature in RBS is characterized by microcephaly, hypoplastic nasal 
alae, malar hypoplasia, hypertelorism, micrognathia, hemangiomas, exophthalmos, 
down-slanting palpebral  fi ssures, and cleft lip and palate (Vega et al.  2010  ) . Limb 
reduction affects the distal–proximal and anterior–posterior axes, resulting in a 
mesomelic reduction with a hand-speci fi c affection pattern in which the thumb is 
always the  fi rst  fi nger being affected (Vega et al.  2010  ) . In the upper limbs, the 
radius is always affected, followed in frequency by the ulna (97.6%) and the humerus 
(78.1%). Hands were characteristically affected, with 97.8% of the cases affected 
with either aplasia (66.7%) or hypoplasia (31.1%) of the thumbs (Vega et al.  2010  ) . 
Other  fi ngers were affected at a lower frequency. In the lower limbs, the  fi bula was 
the bone most commonly and severely affected (73.8%), followed by the tibia (69%) 
and the femur (57.5%) (Vega et al.  2010  ) . Other organ system involvement includes 
congenital heart defects (primarily atrial and ventricular septal defects), genitouri-
nary anomalies (hypospadias, cryptorchidism, bicornuate uterus), structural renal 
anomalies, and variable intellectual disability ranging from normal intelligence to 
signi fi cant impairment, but milder on average than that seen in CdLS. 

 As previously described,  Esco2  is the human homologue of yeast  Eco1  which 
encodes an acetyltransferase involved in the acetylation of SMC3 and is essen-
tial for the establishment of sister chromatid cohesion (Hou and Zou  2005  ) . Cell 
lines derived from Roberts probands show heterochromatic repulsion (HR) 
which was demonstrated by premature sister chromatid separation primarily at 
the heterochromatic regions on prophase and metaphase chromosomes (German 
 1979  ) . Cytogenetically, HR appears in 100% of RBS–SC phocomelia probands, 
is highly correlated with the phenotype and ESCO2 mutations (Schule et al. 
 2005  ) , and has been used for prenatal diagnosis (Schulz et al.  2008  ) . It has been 
shown that most mutations in the  ESCO2  gene identi fi ed in RBS probands result 
in disruption of the acetyltransferase domain. This results in faulty cohesion, and 
other cellular events in RBS cell lines, indicating that acetyltransferase activity 
contributes to the development of the major organ systems affected in RBS 
(Gordillo et al.  2008  ) . 

 Despite the fact that the clinical presentations seen in CdLS and RBS have some 
overlap and the molecular mechanisms are similar, these two congenital disorders 
are quite distinct. CdLS is a dominant disorder: 60% of probands carry heterozy-
gous mutations in  NIPBL , 5% carry heterozygous mutations in  SMC1A , and one 
proband carries an  SMC3  mutation (19). RBS/SC phocomelia is an autosomal reces-
sive disorder with all probands caused by either homozygous or compound heterozy-
gous mutations in  ESCO2 . No signi fi cant genotype–phenotype correlations have 
been described.   
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    11.9   Other Disorders Demonstrating Cohesion Defects 

 Additional disorders have been identi fi ed that have associated cohesion defects, but 
the causative proteins are not known to directly interact with the cohesin complex 
or its regulation at this time. 

    11.9.1     a  -Thalassemia/Mental Retardation Syndrome, X-Linked 

   a  -Thalassemia/mental retardation syndrome, X-linked (ATRX) (OMIM #301040), 
is a multisystem disorder characterized by postnatal growth and mental de fi ciency, 
microcephaly, dysmorphic craniofacial features (hypertelorism, midface hypopla-
sia, anteverted nares, and full lips with protruding tongue), lack of speech, seizures, 
and abnormal genitalia in males (Gibbons et al.  1995  ) . Affected individuals usually 
have a mild form of hemoglobin H (Hb H) disease. ATRX is caused by mutations 
in the  ATRX  gene on the X chromosome (Gibbons et al.  1995  ) . The  ATRX  gene 
encodes a chromatin remodeling enzyme that associates with the chromo shadow 
domain of HP1  a   (as does NIPBL) and preferentially localizes to the pericentro-
meric heterochromatin in mouse and human cells (Ritchie et al.  2008  ) . ATRX was 
suggested to have a role in loading cohesin onto chromatin during S phase and 
recruiting cohesin to speci fi c chromosomal loci (Ritchie et al.  2008  ) . Defective 
sister chromatid cohesion and impaired chromosome congression was observed in 
cultured human cells depleted for ATRX, indicating a disruption of mitotic pro-
gression. Similar  fi ndings were seen in embryonic mouse brains with no ATRX 
protein (Ritchie et al.  2008  ) . The impaired cohesin targeting or transportation due 
to mutations in the  ATRX  gene may therefore contribute to the clinical phenotypes 
in ATRX syndrome.  

    11.9.2   Warsaw Breakage Syndrome 

 Van der Lelij et al. (van der Lelij et al.  2010  )  reported a single male child with 
severe microcephaly, pre- and postnatal growth retardation, and abnormal skin pig-
mentation that was found to have mitomycin C (MMC)-induced chromosomal 
breakage in fresh T-lymphocyte cultures as well as in EBV-immortalized B lympho-
blasts. Centromeric cohesion (“railroading”) and premature chromatid separation 
(PCS) defects were seen in 50–60% of cells. Reduced levels of the DEAD/H box 
polypeptide 11 (DDX11) helicase were identi fi ed, and compound heterozygous 
mutations in this gene were subsequently identi fi ed. DDX11 is the ortholog of yeast 
Chl1 and siRNA experiments in human cells point to a role for DDX11 in sister 
chromatid cohesion.   
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    11.10   Human Malignancies 

 There is increasing evidence that links disruption of the cohesin complex or the 
cohesion pathway to many forms of human cancer. The tumor suppressor gene breast 
cancer 1 early onset ( BRCA1 ) associates with many factors that function in the sister 
chromatid cohesion pathway, indicating a role in BRCA1 tumorigenesis (Mayer 
et al.  2004 ; Kobayashi et al.  2004 ; Petronczki et al.  2004  ) . BRCA1 and Eco1/Ctf7 
family members share overlapping partners, and cells harboring mutations in either 
BRCA1- or ESCO-related pathways exhibit similar chromosomal abnormalities 
including cohesion defects, especially along heterochromatic and centromeric 
regions (Skibbens  2005 ; Skibbens et al.  2007  ) . As previously described, WAPL and 
PDS5 form a complex weakly associating with cohesion rings and inhibit cohesion 
establishment. Interestingly, there is increasing evidence supporting an association 
between WAPL and malignancy. Human WAPL protein overexpression was found 
in cervical cancers and signi fi cantly correlated to the grades of the malignancy 
(Oikawa et al.  2004,   2008 ). NIH 3T3 cells overexpressing WAPL produced tumors 
in 100% of injected nude mice (Oikawa et al.  2004  ) . Human papillomavirus E6 and 
E7 oncoproteins are able to induce the expression of human WAPL (Kwiatkowski 
et al.  2004  ) . Downregulated WAPL inhibited the growth of tumors derived from 
cervical cancer cell lines; therefore, WAPL was proposed as a therapeutic target for 
cervical cancer. In addition, a splice variant of WAPL may also associate with other 
types of human neoplasia because it interacts with the Epstein–Barr virus transfor-
mation-related protein EBNA2 in human cells (Oikawa et al.  2008 ; Kuroda et al. 
 2005  ) . The contribution of dysregulated WAPL to cervical carcinogenesis may be 
partially due to chromosomal instability (CIN) (Ohbayashi et al.  2007  ) . 

 Separase digests RAD21 at the beginning of anaphase to release cohesin from 
the sister chromatids, and it has been identi fi ed as a potential tumor suppressor gene 
in zebra fi sh (Hors fi eld et al.  2007  ) . Heterozygous mutations of separase contribute 
to the initiation and progression of epithelial tumors, partially due to genome insta-
bility (Shepard et al.  2007  ) . In  Drosophila , epithelial organization and integrity 
seems to be affected the most by loss of separase (Pandey et al.  2005  ) . Separase has 
been postulated to act as an oncogene as signi fi cant overexpression of separase was 
detected in human breast tumors, most of which are in fi ltrating ductal carcinomas 
(Zhang et al.  2008c  ) . Overexpression of separase alone is suf fi cient to induce aneu-
ploid tumors in mouse mammary epithelial cells under a p53 mutant background. 
Cohesion defects (premature sister chromatid separation) were manifested in sepa-
rase-induced cell lines. 

 Defective sister chromatid cohesion was suggested to play a major role in human 
colorectal cancers (Barber et al.  2008  ) . A systematic study to identify somatic 
mutations in potential CIN genes in 132 colorectal cancer samples has identi fi ed 11 
somatic mutations distributed among  fi ve genes:  SMC1A ,  NIPBL ,  SMC3 ,  STAG3 , 
and  RNF20 . Many other regulatory factors of cohesin complex have been discussed 
in cancer research as well. Human securin which inhibits separase’s enzyme activ-
ity before the onset of anaphase is actually the human proto-oncogene pituitary 
tumor-transforming gene ( PTTG ) (Zhang et al.  1999a  ) . The protein levels of securin 
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were reported to correlate to the invasiveness of pituitary tumors. Securin is able 
to transform cultured cells, and its expression is elevated in human cancer cell lines 
(Zou et al.  1999  ) . Human cancer cells with securin loss-of-function mutations 
show high levels of CIN (Jallepalli et al.  2001  ) , and cells overexpressing securin 
produce tumors in nude mice (Zhang et al.  1999b  ) . In addition, the cohesion estab-
lishment factor EFO2/ESCO2 is highly upregulated in aggressive melanoma cells 
(Ryu et al.  2007  ) .  

    11.11   Summary 

 Discoveries associating disruption of structural and regulatory components of the 
cohesin complex with human developmental disorders and cancers have greatly 
stimulated research interest in cohesin biology. Through the use of multiple model 
systems ranging from yeast to human cells, fundamental functions of cohesin com-
plex in sister chromatid cohesion, double-strand DNA repair, regulation of gene 
expression, and structural organization of genomic architecture have been identi fi ed. 
Cohesin has also been found to be indispensible in cell division, maintaining pluri-
potency of stem cells and ensuring normal organ development. These novel advances 
in cohesin research have greatly improved our understanding of the molecular 
mechanism leading to the cohesinopathies and have laid the groundwork toward the 
identi fi cation of potential targets for therapeutic interventions.      

 Abbreviations  

  ATM    Ataxia telangiectasia mutated   
  ATR    ATM- and Rad3-related   
  ATRX    Thalassemia/mental retardation syndrome X-linked   
  BRCA1    Breast cancer 1 early onset 1   
  CdLS    Cornelia de Lange syndrome   
  Chk1    Checkpoint kinase 1   
  Chl1    PCNA and chromosome loss 1   
  CIN    Chromosomal instability   
  CTCF    CCCTC-binding factor   
  Ctf18    Chromosome transmission  fi delity 18   
  DDX11    DEAD/H box polypeptide 11   
  DSB    Double-strand break   
  EcR-B1    Ecdysone receptor B1   
  EEG    Electroencephalography   
  Elg1    Enhanced level of genomic instability 1   
  FRAP    Fluorescence recovery after photobleaching   
  GERD    Gastroesophageal re fl ux disease   
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  Abstract   The completion of the Human Genome Project has advanced our 
understanding of the biological processes involved in health and disease. The 
increasing amount of whole-genome sequencing data becoming available from 
healthy and affected individuals has pinpointed variations in the DNA sequence, 
like single-nucleotide polymorphisms (SNPs), that may help to explain differences 
in phenotype, as well as in disease susceptibility and resistance. On the other hand, 
it is becoming increasingly apparent that the DNA-stored information alone cannot 
be the sole determinant of human variation and disease. The extreme phenotypic 
variability that characterizes the >250 different cell types in the human body, where 
all cells carry the same genetic information, as well as the high monozygotic discor-
dance rates for human diseases clearly indicate so. Nowadays, it is well established 
that the epigenome exerts an additional layer of regulation on gene expression and 
can “manipulate” the same genetic code into producing distinct phenotypes. The 
epigenome shows far greater plasticity than the genome and contributes signi fi cantly 
to development and differentiation by responding to environmental stimuli. Errors 
in epigenetic programming caused by genetic defects and/or environmental factors 
have been directly implicated with human disease. In this chapter, we describe 
known epigenetic mechanisms and discuss the aberrant epigenetic patterns that 
characterize several human diseases.  
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         12.1   Introduction 

 For many years, chromatin, the nucleoprotein complex of DNA and histones, was 
considered to be a non-dynamic structure, whose only role was the compaction and 
con fi nement of DNA in the nucleus. However, important research breakthroughs 
over the last two decades have revealed that chromatin is a primary contributing 
factor in the regulation of gene expression (Berger  2007  ) , and it has been the focus 
of intense research in the  fi eld of epigenetics. 

 The word epigenetics (from the Greek word  epi  (  e  p ί  ) that means over, above and 
 genetics ) was  fi rst used in 1942 by C.H. Waddington (   Waddington  1942 ) to describe 
how genes might interact with their environment to produce a phenotype. Today, 
epigenetics is de fi ned as the study of mechanisms affecting gene expression that do 
not involve changes in the underlying DNA sequence and that can be inherited 
through cell division. In recent years, major advances in the understanding of epi-
genetic mechanisms have established them as key players in several cellular pro-
cesses including cell differentiation (Mohn and Schubeler  2009  ) , aging (Calvanese 
et al.  2009  ) , DNA replication (Hiratani and Gilbert  2009  ) , and repair (Huertas et al. 
 2009  ) . The most common epigenetic mechanisms include DNA methylation, post-
translational histone modi fi cations, and small noncoding RNAs. All epigenetic 
factors are in close interplay and are subject to multiple positive and negative 
feedback mechanisms; the observed outcome (phenotype) is the result of these inter-
actions. As one would expect, deregulation of these mechanisms is associated with 
the genesis and progression of several grave human diseases, such as cancer (section 
12.2), autoimmune diseases (section 12.3), and neurodevelopmental disorders (sec-
tion 12.4). The growing list of human disorders with an epigenetic link also includes 
cardiovascular diseases (Ordovas and Smith  2010 ; Shirodkar and Marsden  2011  ) , 
myopathies (Hang et al.  2010  ) , and kidney diseases (Liakopoulos et al.  2011  ) . 

    12.1.1   DNA Methylation 

 DNA methylation, the most widely studied epigenetic mechanism in humans, is a 
covalent modi fi cation whereby a methyl group is deposited on the carbon 5 of the 
cytosine ring using S-adenosyl methionine as the donor. This reaction is catalyzed 
by the family of DNMT (DNA methyltransferases) enzymes, which is comprised of 
 fi ve members: DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3L. DNMT1 is 
known as the “maintenance methyltransferase”; it preferentially binds to hemim-
ethylated DNA (DNA where one strand is already methylated), and it is used by the 
cell to maintain the DNA methylation status during semiconservative DNA replica-
tion. DNMT3a and DNMT3b, known as “de novo” methyltransferases, can intro-
duce cytosine methylation in previously unmethylated sites and are thought to be 
responsible for establishing the pattern of methylation during embryonic develop-
ment (Klose and Bird  2006  ) . DNMT2 and DNMT3L do not possess DNA methyl-
transferase activity (Bourc’his et al.  2001 ; Hermann et al.  2003  ) . DNMT2’s main 
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function is to methylate the aspartyl-tRNA (Goll et al.  2006  ) , while DNMT3L binds 
to and regulates the functions of DNMT3a and DNMT3b (Chen et al.  2005  ) . 

 DNA methylation occurs almost exclusively in the context of CpG dinucleotides, 
which are scattered throughout the genome in lower than expected frequencies and 
are usually methylated. However, CpG nucleotides can also be found clustered in 
GC-rich regions, known as “CpG islands” (Illingworth and Bird  2009  )  that fre-
quently localize within promoters or other gene-regulatory elements. Approximately 
60% of mammalian gene promoters harbor CpG islands, which are unmethylated in 
the normal cell (Straussman et al.  2009  ) . 

 In general, DNA methylation is associated with gene silencing. It plays a central 
role in several physiological phenomena, such as dosage compensation in humans, 
maintenance of genomic imprinting, and repression of germline- and tissue-speci fi c 
genes during early development. Dosage compensation is a regulatory mechanism 
that ensures the equal expression of X-linked genes both in males (XY) and females 
(XX). In humans, this is achieved by inactivation of one X chromosome (Xi) in 
females, thus preventing expression of most genes on this chromosome. The Xi is 
packaged in compact, repressive heterochromatin, rich in DNA methylation 
(Mohandas et al.  1981  ) . Genomic imprinting is the differential expression of the 
two alleles of a gene and is dependent on the parent of origin of the allele, where one 
allele is silenced early in development via DNA methylation. Finally, DNA methy-
lation seems to be the primary silencing mechanism for some germline-speci fi c 
genes, such as the MAGE and LAGE gene families that are not expressed in any 
adult tissue (De Smet et al.  1999  ) . Apart from regulating gene expression, DNA 
methylation is also critical in protecting genome integrity, through the silencing of 
repetitive elements that could cause chromosomal instability and gene disruption, if 
reactivated (Konkel and Batzer  2010  ) . 

 There are two general mechanisms by which DNA methylation can lead to gene 
silencing. In the  fi rst one, cytosine methylation can directly inhibit transcription by 
blocking transcription activators from binding to target sites (Kuroda et al.  2009 ; 
Watt and Molloy  1988  ) . Alternatively, it can promote the recruitment of methyl-
binding domain proteins (MBDs), which are present in transcription corepressor 
complexes along with other members of the epigenetic machinery, such as histone 
deacetylases (HDACs) and histone methyltransferases (HMTs), resulting in chro-
matin remodeling and gene silencing (Nan et al.  1998  )  (Fig.  12.1 ). Notably, the 
DNMTs have also been reported to interact with and recruit such repressive factors 
(reviewed in Klose and Bird  2006   ).   

    12.1.2   Post-translational Histone Modi fi cations 

 The basic unit of chromatin, the nucleosome, contains 146 base pairs of DNA 
wrapped around an octamer of core histone proteins, H2A, H2B, H3, and H4. 
The N-terminal regions of the histones are  fl exible “tails” that protrude outside 
of the core nucleosome and can undergo multiple post-translational modi fi cations, 
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  Fig. 12.1     Chromatin structure.  An active gene has an “open” chromatin structure, where the histones 
are acetylated and the promoter is enriched in H3K4 methylation. DNMTs’ activity leads to DNA 
methylation and subsequent recruitment of methyl-binding domain proteins (MBDs). The MBDs 
are found in corepressor complexes along with HDACs and HMTs that are also recruited on the 
gene, leading to histone deacetylation and methylation with repressive marks (such as H3K27me3 
and H3K9me3), respectively. As a consequence, the gene adopts a “closed” chromatin con fi guration 
that represses transcription       
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such as acetylation, methylation, phosphorylation, ubiquitination, sumoylation, 
deimination, etc. Histones H2A and H2B can also be modi fi ed on residues found 
in their C-terminal tails (Bannister and Kouzarides  2011  ) . Rapid advances in 
recent years have demonstrated that these modi fi cations provide an important 
regulatory platform for processes such as gene transcription, DNA replication, 
and DNA-damage repair (Bannister and Kouzarides  2011  ) . Different sequential 
or combinatorial patterns of these modi fi cations have been proposed to dictate 
speci fi c and distinct functional outputs in the genome according to the “histone 
code” (Strahl and Allis  2000  ) . 

 Histone modi fi cations are catalyzed by speci fi c sets of specialized enzymes. 
Acetylation, the most widely studied histone modi fi cation, is catalyzed by histone 
acetyltransferases (HATs), and it occurs at lysine residues, mostly in the tails of 
histones H3 and H4. Lysine acetylation is associated with transcriptional activity 
(Verdone et al.  2005  ) , and genome-wide studies show good correlation between 
hyperacetylation and active promoters and enhancers (Roh et al.  2007  ) . Histone 
acetylation can regulate gene transcription in two ways. First, the addition of a nega-
tively charged acetyl group destabilizes the interaction between the histone protein 
and DNA and allows for increased accessibility of transcription factors. Second, it 
provides a docking site for histone-binding factors that may affect gene expression 
(Verdone et al.  2005  ) . The levels of histone acetylation depends on the antagonisti-
cal function of HATs and histone deacetylases (HDACs) that seem to act in a 
dynamic fashion both on active and inactive genes (Wang et al.  2009  ) . 

 Histone methylation is catalyzed by histone methyltransferases (HMTs), while 
the methyl group can be removed by a recently identi fi ed group of enzymes 
called histone demethylases (HDMs) (Pedersen and Helin  2010  ) . Methylation 
can occur at several lysine and arginine residues of histones H3 and H4, and 
unlike acetylation, it does not alter the charge of the histone protein. The fact that 
lysines can be mono-, di-, or trimethylated and arginines can be mono- or dime-
thylated (symmetrically or asymmetrically) adds another layer of regulation 
(Ng et al.  2009  ) . Histone lysine methylation is linked to both transcriptional acti-
vation and repression (Martin and Zhang  2005  ) . Genome-wide studies have 
shown that H3K4me2 and H3K4me3 are strongly enriched at active promoters, 
while H3K36me3 is elevated in the gene-transcribing regions (Barski et al. 
 2007  ) ; H3K4me1 has been identi fi ed as a mark for enhancers (Heintzman et al. 
 2009  ) . On the other hand, H3K9me2 and H3K27me3 are associated with silenced 
facultative heterochromatin (Trojer and Reinberg  2007  ) , while H3K9me3 and 
H4K20me3 are the landmarks of constitutive heterochromatin found mostly on 
pericentromeric and telomeric repeats (Grewal and Jia  2007  ) . Several protein 
motifs that are capable of speci fi c interactions with methylated lysine residues 
have been identi fi ed. Proteins that contain these motifs are recruited by speci fi c 
methylated lysines, and this recruitment step seems to play an important role in 
the unique biological outcomes that are associated with different methylation 
events (Martin and Zhang  2005  ) . Thus, histone methylation serves as a molecular 
mark that signals downstream effects leading to transcriptional activation or 
repression.  
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    12.1.3   MicroRNAs 

 MicroRNAs (miRNAs) are 18–24-nucleotide-long noncoding RNA molecules that 
bind to their target mRNAs, either at a post-transcriptional level leading to their 
degradation or at a translational level leading to their repression. miRNAs target 
many genes that play important roles in processes like cell cycle progression, apop-
tosis, and differentiation (Schickel et al.  2008  ) . A single miRNA can have hundreds 
of target mRNAs, and each mRNA may be regulated by more than one miRNA, 
highlighting the implication of this gene regulation system in cellular functions 
(Lim et al.  2005  ) . The latest release of the miRNA database includes more than 
1,400 annotated human miRNAs (  http://microrna.sanger.ac.uk    ; release 17.0). miR-
NAs are transcribed by RNA polymerase II (Pol II) as long primary transcripts 
called pri-miRNAs, which, subsequently, are processed by the RNase III enzyme 
Drosha together with its binding partner DGCR8 into precursor RNAs called pre-
miRNAs (70–100 nt in length). Pre-miRNAs are structured as imperfect stem-loops, 
and they are exported into the cytoplasm by exportin  fi ve. The precursor miRNAs 
are further processed in the cytoplasm by another RNase III called Dicer, along with 
TRBP, into 18–24-nt-long miRNA duplexes. Finally, these duplexes are loaded into 
the RNA-induced silencing complex (RISC), where one strand gets degraded, while 
the other one remains stably associated (mature miRNA) and leads to translational 
repression of its target mRNAs (reviewed in Bartel  2004  ) . The study of miRNAs has 
become the subject of intense interest, not only because of their emerging role as 
master regulators in a diverse and fundamental set of cellular mechanisms, but also 
because their deregulation has been linked to severe disease states, like cancer 
(Davalos and Esteller  2010 ; Schickel et al.  2008  )  (see 12.2.3).   

    12.2   Epigenetic Changes in Cancer 

 In their landmark publication of 2000, Hanahan and Weinberg described the six 
hallmarks of cancer, providing a foundation for understanding the remarkable diver-
sity of this disease (Hanahan and Weinberg  2000  ) . These include sustaining prolif-
erative signal, evading growth suppressors, resisting cell death, enabling replicative 
immortality, inducing angiogenesis, and activating invasion and metastasis. 
According to the clonal genetic model of cancer (Nowell  1989  ) , acquisition of these 
characteristics depends on a succession of genomic alterations that lead to the selec-
tive overgrowth of a monoclonal population of tumor cells. However, heritable 
patterns of disrupted gene expression, for example, inactivation of tumor suppres-
sor genes, can also be acquired through epigenetic mechanisms (Berdasco and 
Esteller  2010 ; Jones and Baylin  2007  ) , arguing that cancer is more than a genetic 
disease. A rapidly growing number of studies in tumor tissues have revealed at least 
as many epigenetic as genetic alterations for a given gene. These alterations often 
occur early in tumorigenesis, providing support for the epigenetic progenitor model, 
which states that “cancer has a fundamentally common basis that is grounded in a 

http://microrna.sanger.ac.uk
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polyclonal epigenetic disruption of stem/progenitor cells” (Feinberg et al.  2006  ) . 
Whether cancer epigenetic changes have such a profound role in the pathogenesis 
of the disease or they are just surrogate alterations of mutations remains to be seen. 
Here, we describe the most abundant epigenetic modi fi cations found in neoplasias 
and how these may contribute to the tumorigenic potential. 

    12.2.1   DNA Methylation and Cancer 

 The cancer epigenome is characterized by site-speci fi c CpG island promoter hyper-
methylation and genome-wide DNA hypomethylation (Fig.  12.2 ). Several studies 
have addressed the question of how alterations in the DNA methylome are triggered 
in cancer mainly by investigating the expression levels of DNMTs in different 
malignancies. Overexpression of DNMTs occurs in many cancer types, and it has 
been associated with hypermethylation of CpG islands, a  fi nding that has not been 
supported by more recent data (Miremadi et al.  2007  ) . Most studies indicate that 
there is no signi fi cant reduction in the expression levels of DNMTs associated with 
DNA hypomethylation (Wilson et al.  2007  ) , thus suggesting that disruption of 
their activity is probably responsible. DNA methylation is a dynamic process that is 
in close interplay with other genetic and epigenetic factors, such as transcription 

  Fig. 12.2     DNA methylation patterns in normal and cancer cells.  A tumor suppressor gene is given 
as an example. In a  normal  cell, CpG islands in the promoter of the gene are unmethylated and the 
gene is expressed. Methylation of CpG islands in the gene body ensures that the gene is not tran-
scribed from other sites, while methylation of repeat elements keeps them repressed. In the  cancer-
ous  state, DNA methylation of the promoter leads to gene silencing, while demethylation of the 
gene body may lead to aberrant expression. Demethylation of repeat elements allows them to be 
transcribed, affecting genome stability (for details, see text)       
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factors, chromatin-modifying enzymes, small non-coding RNAs, etc., and one can 
imagine that any disruption in the activity of such factors may well contribute, 
directly or indirectly, to targeted or generalized changes in methylation. While the 
underlying mechanisms that initiate DNA methylation changes are still under inves-
tigation, accumulating data indicate that they often occur very early in cancer devel-
opment and may contribute to cancer initiation.  

    12.2.1.1   DNA Hypermethylation 

 The most frequent and most intensely studied epigenetic abnormality in malignant 
cells is the CpG hypermethylation at the promoters of cancer-associated genes. 
Table  12.1  records the most commonly hypermethylated genes (for more details, 
see   www.pubmeth.org    ) in the ten most frequent types of cancer in the US (source 
National Cancer Institute, USA). These genes include many classical tumor sup-
pressor genes (e.g., APC, PTEN, BRCA1), as well as genes involved in tissue 
remodeling (e.g., cadherins), DNA repair (e.g., MGMT and MLH1), cell cycle reg-
ulation (e.g., CDKN2A and CDKN2B), and apoptosis (e.g., DAPK1 and PYCARD) 
(for more details on gene function, see Table  12.2 ). Epigenetic gene silencing by 
promoter CpG methylation occurs most frequently during the initial stages of tum-
origenesis (Esteller  2005  ) , and it is argued that it could predispose cells to the 
genetic abnormalities that advance the neoplastic process (Feinberg et al.  2006  ) .          

 A typical example is cyclin-dependent kinase inhibitor 2A ( CDKN2A ), also 
called p16, an important cell cycle regulator and a known tumor suppressor gene, 
which is regularly mutated in various types of cancer, but it is also epigenetically 
regulated and often silenced by promoter DNA methylation (Merlo et al.  1995  ) . p16 
is responsible for maintaining the retinoblastoma (Rb) protein in an active and non-
phosphorylated state by inhibiting CDK4. It can also bind to Mdm2 p53 binding 
protein homolog (MDM2), inhibiting its oncogenic action by blocking MDM2-
induced degradation of tumor protein p53 (p53) and thus enhancing p53-dependent 
transactivation and apoptosis. p16 can also induce G2 arrest and apoptosis in a p53-
independent manner by preventing the activation of cyclin B1/CDC2 complexes. 
Loss of p16 expression has been found in preinvasive stages of lung, breast, and 
colon neoplasia (Baylin and Ohm  2006  ) , and it could allow epithelial cells to escape 
senescence and start aberrant proliferation resulting in genetic changes that predi-
cate oncogenic evolution. Another example is O-6-methylguanine-DNA methyl-
transferase ( MGMT ), which encodes a DNA repair protein that removes mutagenic 
and cytotoxic adducts from  O  6 -guanine in DNA. Epigenetic silencing of  MGMT  has 
been documented in a variety of tumor types, where failure to remove the  O  6 -
methylguanine adducts causes G:C to A:T transitions that often affect genes required 
for genomic stability, such as K-Ras and p53 (Jacinto and Esteller  2007  ) . Similarly, 
loss of glutathione S-transferase- p 1 (GSTP1) expression, an enzyme responsible 
for detoxifying electrophiles and oxidants, in precancerous prostate lesions and 
preinvasive prostate tumors may allow for cell and genome damage involved in 
initiation of carcinogenesis (Nelson et al.  2009  ) .  

http://www.pubmeth.org
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    12.2.1.2   DNA Hypomethylation and Cancer 

 Aberrant global DNA hypomethylation in human cancer samples was  fi rst reported 
almost 30 years ago (Feinberg and Vogelstein  1983  ) . Since then, this epigenetic 
alteration has been documented as a frequent event in most malignancies. 
Interestingly enough, genomic hypomethylation does not associate with overex-
pression of oncogenes as originally thought, but it is related to the generation of 
chromosomal instability (see below). DNA hypomethylation appears to be an early 
event in carcinogenesis; it is, often, evident in the healthy tissue adjacent to the 
neoplastic, suggesting a role in the initiation of the disease (Wilson et al.  2007  ) . 

Methylation 
frequency: 0 0-20 % 20-40 % 40-60 % 60-80 % 80-100 %

Cancer
Gene lung colorectal leukemia breast prostate lymphoma bladder pancreas kidney thyroid

CDKN2A 
(p16) 4088 4184 1342 811 609 475 865 251 154 162
RASSF1 2610 925 49 593 1050 135 462 140 544 228
MGMT 1475 3184 40 273 443 292 403 154 160 49
CDH1 1015 769 894 745 663 - 477 126 175 0
CDKN2B 
(p15) 153 393 1837 - - 438 129 58 - -
DAPK1 1154 554 731 316 277 145 706 122 268 29
APC 1164 1173 - 750 941 - 205 120 110 -
GSTP1 693 374 0 527 2001 28 424 72 99 -
RARB 1325 91 56 281 933 102 304 98 109 29
MLH1 75 4969 20 218 - 57 160 146 - -
TIMP3 253 407 - 350 447 28 120 94 152 0
CDH13 1231 159 786 257 280 19 - 33 - -
ESR1 130 0 259 374 214 - - - - 40
FHIT 1150 40 314 155 101 51 41 - - -
RUNX3 336 235 - 106 273 20 181 0 - -
TP73 - 130 807 0 - 92 31 120 - -
ESR2 7 - - 401 61 - - - - 144
PTGS2 7 551 - 258 481 - 105 - - -
PYCARD 194 0 587 109 303 21 - - - -
SFRP1 80 105 336 65 41 - 120 75 55 -
BRCA1 98 - - 850 - - - 72 0 -
DLC1 26 0 19 53 27 57 - - 34 -
PTEN 30 172 587 44 - - - - - 36
CCND2 80 - - 397 219 - 18 11 - -
SCGB3A1 56 0 0 25 21 0 0 17 - -
RBP1 191 177 53 48 215 90 27 - - -
TMEFF2 272 199 - 37 50 20 57 11 - -
NR0B2 - - 411 - - 90 - - - -
IGFBP3 125 56 - 39 - - 110 - 32 -
CHFR 20 304 41 - - 21 - - - -
THBS1 - 446 80 148 179 28 - 36 - -
RPRM 301 0 0 0 - 0 - 140 - -
SOCS1 40 289 231 148 - - 105 74 - -
PGR 7 0 44 148 0 - - - - -
CADM1 419 0 21 95 - - - 91 - -
HIC1 51 65 37 90 73 - - - - -
TSHR - - - - - - - - - 120

    Table 12.1    The most commonly methylated genes in the ten most frequent types of cancer in the 
USA (excluding skin cancer). The numbers shown correspond to samples examined in several 
studies and include both cancer cell lines and tumor samples (data taken from   www.pubmeth.org    )  

http://www.pubmeth.org
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   Table 12.2    Name and function of the genes shown in Table  12.1 . Most of the genes that are 
commonly methylated in cancer are involved in cell cycle regulation, DNA repair, apoptosis, and 
tissue remodeling   
  Symbol    Of fi cial gene name    Function  

  APC   Adenomatous polyposis coli  Modulator of Wnt signaling 
  BRCA1   Breast cancer 1, early onset  DNA repair, tumor suppressor 
  CADM1   Cell adhesion molecule 1  Cell adhesion 
  CCND2   Cyclin D2  Cell cycle 
  CDH1   Cadherin 1, E-cadherin  Cell adhesion 
  CDH13   Cadherin 13, H-cadherin  Cell adhesion 
  CDKN2A   Cyclin-dependent kinase inhibitor 

2A (p16, p14ARF) 
 Cell cycle 

  CDKN2B   Cyclin-dependent kinase inhibitor 
2B (p15) 

 Cell cycle 

  CHFR   Checkpoint with forkhead and ring 
 fi nger domain 

 Cell cycle, candidate tumor suppressor 

  DAPK1   Death associated protein kinase 1  Apoptosis 
  DLC1   Deleted in liver cancer 1  Signal transduction, tumor suppressor 
  ESR1   Estrogen receptor 1  Transcription factor, hormone regulation 
  ESR2   Estrogen receptor 2  Transcription factor, hormone regulation 
  FHIT   Fragile histidine triad gene  Purine metabolism, candidate tumor 

suppressor 
  GSTP1   Glutathione S-transferase pi 1  Enzyme, DNA repair 
  HIC-1   Hypermethylated in cancer 1  Transcriptional repressor, apoptosis; 

candidate tumor suppressor 
  IGFBP3   Insulin-like growth factor binding 

protein 3 
 Binding protein 

  MGMT   O-6-methylguanine-DNA 
methyltransferase 

 DNA repair 

  MLH1   MutL homolog 1, colon cancer, 
nonpolyposis type 2 (E. coli) 

 DNA repair 

  NR0B2   Nuclear receptor subfamily 0, 
group B, member 2 

 Transcription factor 

  PGR   Progesterone receptor  Transcription factor, hormone regulation 
  PTEN   Phosphatase and tensin homolog  Signal transduction, tumor suppressor 
  PTGS2   Prostaglandin-endoperoxide synthase 

2 (Cox-2) 
 In fl ammation 

  PYCARD   PYD and CARD domain containing  Apoptosis 
  RARB   Retinoic acid receptor, beta  Transcription factor, inhibition of cell 

growth 
  RASSF1A   Ras associated domain family 1  Cell cycle, apoptosis; tumor suppressor 
  RBP1   Retinol binding protein 1, cellular  Binding protein 
  RPRM   Reprimo, TP53-dependent G2 arrest 

mediator candidate 
 Cell cycle 

  RUNX3   Runt-related transcription factor 3  Transcription factor, tumor suppressor 
  SCGB3A1   Secretoglobin, family 3A, member 1  Cytokine, inhibition of cell growth 
  SFRP1   Secreted frizzled-related protein 1  Modulator of Wnt signaling 
  SOCS1   suppressor of cytokine signaling 1  Regulator of cytokine signaling 
  THBS1   Thrombospondin 1  Adhesive glycoprotein, angiogenesis 

(continued)
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The degree of global hypomethylation increases through all the tumorigenic steps, 
from the benign proliferations to the invasive cancers (Fraga et al.  2004  ) . 

 DNA hypomethylation occurs predominantly at repetitive sequences and, to a 
lesser extent, at gene bodies and leads to a 20–60% reduction of the 5-methylcytosine 
content of cancer tissue comparing to its normal counterpart. It is believed to contribute 
to carcinogenesis, mainly by promoting genomic instability through destabilization 
of pericentromeric repeats and/or reactivation of transposable elements. Repeat 
elements include simple repeat sequences, such as DNA satellites that are found in 
pericentromeric and subtelomeric heterochromatin, and transposable elements 
(DNA transposons, retrotransposons, and endogenous retroviruses). 

 The vast majority of repeat elements are silenced in normal somatic cells via 
dense DNA methylation. Demethylation of pericentromeric repeats can lead to 
increased chromosomal rearrangements, mitotic recombination, and aneuploidy 
(Eden et al.  2003 ; Karpf and Matsui  2005  ) , and it is a frequent  fi nding in a variety 
of malignancies, including Wilms’ tumor (a nephroblastoma that typically occurs in 
children) and ovarian and breast cancer (Wilson et al.  2007  ) . Demethylation of 
normally dormant transposons and endogenous retroviruses can potentially lead 
to reactivation of the strong promoters associated with them, altering global tran-
scription and/or modifying the expression of critical growth-regulatory genes in 
which these elements reside (Wilson et al.  2007  ) . Moreover, transposon demethyla-
tion and their subsequent reactivation and transcription can cause aberrant chromo-
somal recombination and translocation, thus further disrupting the genome (Esteller 
 2008 ; Howard et al.  2008 ; Schulz et al.  2006  ) . Hypomethylation of Long Interspersed 
Nuclear Elements (LINEs), a class of retrotransposons, has been observed in several 
types of cancer, both as an early event (e.g., prostate and colon cancer), as well as 
in advanced stages (e.g., breast, ovarian, and leukemia), where it correlates with 
poor prognosis (Wilson et al.  2007  ) . 

 Gene-speci fi c hypomethylation is less frequent and is usually associated with 
growth-regulatory genes, enzymes, and developmentally critical and tissue-speci fi c 
genes, such as germ-cell-speci fi c tumor antigen genes (the MAGE, BAGE, LAGE, 
and GAGE gene families) (Wilson et al.  2007  ) . Activation of oncogenes due to 
DNA hypomethylation, such as of R-Ras in gastric cancer, has also been reported 

Table 12.2 (continued)
  Symbol    Of fi cial gene name    Function  
  TIMP3   TIMP metallopeptidase inhibitor 3  Cell migration/invasion 
  TSHR   Thyroid stimulating hormone 

receptor 
 Binding protein 

  TMEFF2   Transmembrane protein with 
EGF-like and two follistatin-like 
domains 2 

 Signal transduction 

  TP73   Tumor protein p73  Transcription factor, candidate tumor 
suppressor 
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(Nishigaki et al.  2005  ) . Promoter demethylation and subsequent gene activation 
are often associated with histological grade and/or stage of cancer, for example, 
cadherin 3, type 1, P-cadherin ( CDH3 ) promoter demethylation and P-cadherin 
expression in invasive breast cancer (Paredes et al.  2005  ) ; cyclin D2 activation at 
advanced stages of gastric cancer (Oshimo et al.  2003  ) ; activation of synuclein  g  in 
a range of aggressive, solid tumors (Liu et al.  2005  ) ; and elevated maspin expres-
sion in high tumor grade colorectal cancer (Bettstetter et al.  2005  ) . 

 Gene-speci fi c DNA hypomethylation can also lead to aberrant expression of 
imprinted genes. Loss of imprinting (LOI) has been associated with cancer develop-
ment in a mouse model (Holm et al.  2005  ) . One of the better studied examples of 
LOI is that of the insulin-like growth factor 2 ( IGF2 ) gene, which was  fi rst described 
in Wilms’ tumor (Ogawa et al.  1993 ; Rainier et al.  1993  )  but has also been reported 
in other types of cancer, including colorectal, ovarian, and lung (Feinberg  2004  ) . 
LOI of  IGF2  results in its pathological biallelic expression that can, potentially, 
support tumor growth.   

    12.2.2   Histone Modi fi cations in Cancer 

 Global loss of monoacetylation at K16 and trimethylation at K20 of histone H4 is a 
common hallmark of human cancer cells (Fraga et al.  2005  ) . Gene-speci fi c loss of 
the active mark H3K4me3 and gain of the repressive marks H3K9me3 and 
H3K27me3 have also been described (Portela and Esteller  2010  ) . Figure  12.3  depicts 

  Fig. 12.3     Methylated and acetylated residues in histones H3 and H4 in normal and cancerous 
cells.  The NH2-terminal tails of histones  H3 and H4  are depicted and the residues that are com-
monly known to be acetylated and/or methylated. The modi fi cations that are disrupted in cancer 
are highlighted       
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the methylated and acetylated residues in histones H3 and H4 in normal cells and the 
ones that are commonly disrupted in cancer.  

 In contrast to DNA methylation, where the responsible enzymes (DNMTs) are 
hardly found mutated in cancer, there is a growing list of alterations in histone-
modifying enzymes in speci fi c tumor types (Table  12.3 ). Mutations in a number of 
HATs have been observed in solid tumors, while several of them are also involved 
in chromosomal translocations in hematological malignancies. It appears that these 
translocations are involved in through aberrant acetylation caused by mistargeting 
of HATs (reviewed in Miremadi et al.  2007   ). As Table  12.3  indicates, chromosomal 
translocations are a common theme in hematological malignancies, whereas solid 
tumors are more commonly associated with point mutations, deletions, and gene 
ampli fi cation.  

 The mixed-lineage leukemia 1 gene ( MLL1 ), which encodes a well-studied 
H3K4 HMT, is often implicated in translocations both in acute myeloid leukemia 
(AML) and acute lymphoblastic leukemia (ALL). It can be found fused to more 
than 50 distinct partners. The region of the protein that contains the methyltrans-
ferase activity is lost in the fusion protein; however, several fusion partners are 
HMTs themselves (Daser and Rabbitts  2005  ) . MLL1 controls the expression of the 
 HOX  genes, a group of transcription factors involved in embryonic development 
and hematopoietic cell differentiation. Several  MLL1  fusions directly recruit DOT1-
like, histone H3 methyltransferase (DOT1L), an H3K79 HMT, which activates 
leukemia-promoting oncogenes, such as homeobox A9 ( Hoxa9 ; Chi et al.  2010  ) . 
Furthermore, a plethora of histone demethylases and effector proteins that “read” 
speci fi c histone modi fi cations have been reported to have altered expression levels 
in a variety of cancers (reviewed in Chi et al.  2010   ), leading to aberrant epigenetic 
regulation and consequently tumorigenesis.  

    12.2.3   miRNAs in Cancer 

 Changes in miRNA expression between normal and tumor specimens can be attrib-
uted to a number of reasons: impairment in the miRNA processing machinery; 
localization in regions of chromosomal instability or nearby chromosomal break-
point; regulation by tumor suppressor or oncogenic pathways, such as TP53, MYC, 
and RAS; or changes in their epigenetic regulation (Farazi et al.  2011  ) . The  fi rst 
such study reported that DNA demethylation activated the expression of  mir-127,  a 
potential tumor suppressor, in bladder cancer cells (Saito et al.  2006  ) . Since then, a 
plethora of miRNAs have been identi fi ed that are aberrantly methylated in several 
types of cancer leading to deregulation of their target genes (Berdasco and Esteller 
 2010 ; Farazi et al.  2011  ) . Consequently, miRNAs can function as oncogenes or 
tumor suppressors. For example, DNA hypermethylation of  mir-129-2  leads to 
overexpression of the SRY (sex-determining region Y)-box 4 ( SOX4 ) oncogene in 
endometrial cancer (Huang et al.  2009  ) . In an interesting study, isolation of a subset 
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of highly tumorigenic breast cancer cells showed that they had marked reduction of 
 let-7  family members and that expression of  let-7  could lead to reduced prolifera-
tion, tumor formation, and metastasis (Yu et al.  2007  ) . Currently, miRNAs are under 
intense investigation for their potential diagnostic, prognostic, and therapeutic use 
in the  fi eld of cancer.   

    12.3   Epigenetics and Autoimmune Diseases 

 Self-tolerance is necessary for appropriate immune function; at times, the immune 
system goes awry and attacks the body itself, resulting into misdirected immune 
responses that are referred to as autoimmunity and can be demonstrated by the pres-
ence of autoantibodies or T lymphocytes reactive with host antigens. Autoimmunity 
can be the cause of a broad spectrum of human illnesses, known as autoimmune 
diseases (AID), which are determined by both genetic in fl uences and environmental 
triggers. Several AID, like rheumatoid arthritis, multiple sclerosis, and type I diabe-
tes, seem to be mediated, at least partly, by environmentally induced epigenetic 
changes (reviewed in Brooks et al.  2010 ; Fernandez-Morera et al.  2010   ). Altered 
epigenetic patterns can lead to aberrant gene expression in speci fi c cell populations, 
impairing self-tolerance; such cells might contribute to the development of autoim-
munity in genetically predisposed individuals (Fernandez-Morera et al.  2010  ) . Here, 
we discuss the epigenetic alterations observed in systemic lupus erythematosus 
(SLE), the most studied paradigm of epigenetic contribution to AID. 

    12.3.1   Systemic Lupus Erythematosus 

 SLE is a chronic autoimmune in fl ammatory disease with numerous clinical and 
immunological manifestations. It is characterized by the production of antibodies 
against various nuclear components, which cause in fl ammation and injury of mul-
tiple organs, mainly the skin, joints, kidneys, blood vessel walls, and nervous sys-
tem. It primarily affects women in their reproductive age and ethnic groups of Asian 
or African ancestry. SLE is a complex, multifactorial disease, but its precise patho-
genesis is unclear. Certain cytokine patterns (like overexpression of the type I inter-
feron pathway) and abnormal signal transduction pathways (e.g., decreased 
expression of T cell receptor  z  chain and protein kinase C) have been linked to the 
development of SLE. However, growing evidence points to defects in apoptosis and 
in the clearance of apoptotic cells as the basis of the pathogenesis of the disease. 
These defects contribute to the release of, normally intracellular, nuclear compo-
nents (including nucleosomes, DNA, and histones), triggering an autoimmune 
response and formation of autoantibodies that cause tissue damage in patients with 
lupus. This abnormal cellular and humoral response is modulated by genetic, envi-
ronmental, and hormonal factors. Several susceptibility loci have been identi fi ed, 
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including genes of the major histocompatibility complex (MHC), null alleles that 
cause de fi ciency of one of the early complement components (C1q, C2 or C4), a 
single nucleotide polymorphism within the programmed cell death 1 ( PDCD1 ) 
gene, and several genes on the long arm of chromosome 1q23-24. Among the envi-
ronmental factors linked to lupus, sunlight is the most prominent one, while many 
drugs (like procainamide, hydralazine, and quinidine) can cause a variant of lupus, 
called drug-induced lupus, with manifestations commonly in the skin and joints of 
patients. Since 90% of patients with SLE are female, an important role for female 
hormones seems likely; however, it is unclear how sex hormones could promote 
lupus (D’Cruz et al.  2007 ; Rahman and Isenberg  2008  ) . 

 A causal effect between epigenetics and SLE has not yet been established; nev-
ertheless, a signi fi cant body of evidence links aberrant epigenetic changes to the 
onset of the disease. The fact that SLE is characterized by the production of autoan-
tibodies against chromatin (the “carrier” of epigenetic information) adds another 
layer of interest in the study of the epigenome in affected individuals.  

    12.3.2   DNA Methylation in Systemic Lupus Erythematosus 

 Early studies showed that T cells from patients with active lupus exhibited globally 
hypomethylated DNA (Richardson et al.  1990  ) , and more recent reports have estab-
lished gene-speci fi c DNA demethylation as a common feature of the disease. Among 
the  fi rst identi fi ed genes that were aberrantly overexpressed due to promoter hypom-
ethylation were perforin 1 ( PRF1) ,  CD70  ( TNFSF7 ) and integrin, alpha L ( ITGAL  
or also called  CD11a ) (reviewed in Ballestar et al.  2006  ) , all implicated in the auto-
reactivity of SLE T cells (see below). A recent study examining monozygotic twins 
discordant for the disease identi fi ed a new set of 49 differentially methylated genes, 
most of which were implicated in immune response, cell activation, or response to 
external stimuli (Javierre et al.  2010  ) . Several of those genes ( IFGNR2, MMP14, 
LCN2, CSF3R,  and  AIM2 ) were hypomethylated and overexpressed in the affected 
siblings and had been previously associated with SLE. 

 The molecular basis of DNA hypomethylation is not clearly de fi ned, but several 
reports indicate that there are multiple mechanisms involved. Different studies have 
yielded con fl icting results regarding the transcript levels of various DNMTs in SLE; 
one study showed DNMT1 and 3a downregulation in GD4+ T cells (Januchowski 
et al.  2008  ) , while another failed to con fi rm such a pattern (Balada et al.  2008  ) . 
Impaired activity of PKC d , described in SLE T cells, causes decreased ERK path-
way signaling (Gorelik et al.  2007  ) , which has been associated with decreased 
DNMT1 activity (Deng et al.  2003  ) . The growth arrest and DNA-damage-inducible 
protein alpha (GADD45a) is involved in DNA demethylation (Barreto et al.  2007  ) . 
A recent study demonstrated that SLE CD4+ T cells overexpress  GADD45a  and its 
mRNA levels were inversely proportional to the levels of DNA methylation, while 
they correlated with CD11a/CD70 mRNA levels (Li et al.  2010  ) . Finally, it was 
recently reported that DNA hypomethylation in SLE can be mediated by  miR-21  



26912 Epigenetics and Human Disease

and  miR-148 a   that directly and indirectly target DNMT1 (Pan et al.  2010  ) . Notably, 
drugs like procainamide and hydralazine that can induce a lupus-like disease have 
been shown to function as DNA demethylating agents, providing further evidence 
that DNA methylation changes play an important role in the development of the 
disease (reviewed in Richardson  2003  ) . 

 How can DNA hypomethylation cause SLE? Even though the answer is not yet 
clear, it seems that DNA hypomethylation promotes CD4 +  T cell autoreactivity, 
potentially contributing to the development of the autoimmune disease (reviewed in 
Ballestar et al.  2006 ; Richardson  2003  ) . Normally, CD4 +  T cells respond to peptides 
presented by MHC molecules on antigen-presenting cells, but demethylated CD4 +  
T cells lose this requirement and can respond to these cells without the appropriate 
antigen. This autoreactivity correlates with increased expression of adhesion mole-
cule lymphocyte function-associated antigen 1 ( ITGAL  or also called  LFA-1 , com-
posed of cluster of differentiation (CD) 11a and CD18 subunits), caused by increased 
expression of  CD11a  due to promoter hypomethylation, as described above. LFA-1 
is an adhesion molecule that surrounds the T cell antigen receptor (TCR) to form the 
“immunologic synapse,” providing both stability to the TCR–MHC interaction and 
co-stimulatory signals that activate T cells. Increased LFA-1 expression can lead to 
stabilization of lower af fi nity interactions between the TCR and MHC molecules 
bearing inappropriate antigens and increased co-stimulatory signaling, which may 
be responsible for initiating the T cell autoreactivity. Furthermore, demethylated 
CD4  +  T cells are capable of killing autologous or syngeneic macrophages (Mø) and 
stimulating B cells and the subsequent release of antigenic apoptotic material could 
lead to the production of autoantibodies.  

    12.3.3   Post-translational Histone Modi fi cations in Systemic 
Lupus Erythematosus 

 There is little information on the role of histone modi fi cations in SLE both on the 
global and gene-speci fi c scale. Aberrant patterns of global histone modi fi cations 
(H3 and H4 hypoacetylation and H3K9 hypomethylation) were observed in CD4 +  T 
cells in SLE patients (Hu et al.  2008  ) . The TNF alpha locus was found to be highly 
acetylated and more transcriptionally active in SLE monocytes than controls 
(Sullivan et al.  2007  ) . The histone deacetylase inhibitor trichostatin A (TSA) 
reverses the aberrant expression of CD40L, IL-10, and IFN- g  in human SLE T cells 
(Mishra et al.  2001  ) ; however, it was not shown if this was a direct or indirect effect. 
Since these genes play important roles in the immune system, it was suggested that 
TSA could be a potential candidate for the treatment of SLE (Mishra et al.  2001  ) . 

 As mentioned above, SLE is characterized by autoantibodies against nucleosomes 
that are released from apoptotic cells, are not ef fi ciently cleared, and are present in 
the circulation and tissues. During apoptosis, chromatin can be modi fi ed, and sev-
eral apoptosis-induced modi fi cations have been described, including phosphoryla-
tion of serine 14 on histone H2B (Cheung et al.  2003  ) , phosphorylation of threonine 
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45 (Hurd et al.  2009  ) , and methylation of lysine 27 on histone H3 (Cheng et al. 
 2009  ) . Interestingly, several apoptosis-associated histone modi fi cations have been 
identi fi ed in SLE, such as speci fi c acetylation of histones H4, H2A, and H2B (Dieker 
et al.  2007 ; van Bavel et al.  2009  )  and methylation of H3K27 (van Bavel et al.  2011  ) , 
as well as autoantibodies that target them.   

    12.4   Epigenetics and Neurodevelopmental Disorders 

 Impairment during the development and growth of the central nervous system can 
cause a broad range of abnormalities that affect brain functions like learning ability, 
emotions, and memory. These are collectively known as neurodevelopmental disor-
ders, and they include autism and autism-spectrum disorders (such as Angelman, 
Prader-Willi, Rett, and Fragile-X syndromes), speech and language disorders, 
attention-de fi cit hyperactivity disorder, traumatic brain injuries, and others. The 
autism-spectrum disorders are characterized by varying degrees of impairment in 
communication skills and social interactions, as well as restricted, repetitive, and 
stereotyped patterns of behavior. They have a multifactorial etiology that involves 
a complex genetic and environmental background (reviewed in Eapen  2011   ). 
Current research suggests that epigenetic mechanisms may be involved in the vari-
ability in behavior and neurological status of different patients (reviewed in 
Grafodatskaya et al.  2010  ) . Here, we discuss Rett syndrome (RTT), a well-studied 
autism-spectrum disorder that is caused by mutations in methyl-CpG binding pro-
tein 2 ( MECP2 ), a gene located on the X chromosome that encodes for a protein 
that binds to methylated DNA. Consequently, there are at least two different epige-
netic components implicated in the disease. First, the epigenetic process that leads 
to X chromosome inactivation (XCI) directly regulates MeCP2 expression; random 
inactivation of the X chromosome that carries the normal allele will lead to the 
development of RTT in female carriers of MeCP2 mutations. Second, MeCP2 itself 
is a global epigenetic regulator by binding to a widespread epigenetic mark (methy-
lated DNA) (see 12.4.2). 

    12.4.1   Rett Syndrome 

 Rett syndrome (RTT) was  fi rst described in 1966 by the homonymous Austrian 
doctor, but it was not for another 30 years before its genetic and epigenetic basis 
was discovered. RTT is estimated to affect one in every 10,000–15,000 live female 
births in all racial and ethnic groups worldwide (source: NINDS/NIH). RTT’s clini-
cal manifestations appear progressively in female infants after 6–18 months of age. 
One of the  fi rst clinical features involves deceleration of head growth (microceph-
aly), which is followed by general growth retardation, weight loss, and muscle 
hypotonia. Later on, patients lose purposeful hand movements and verbalization 
skills and exhibit social withdrawal and other autistic features, like expressionless 
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face and diminished eye contact (reviewed in Chahrour and Zoghbi  2007   ). In parallel, 
other physical symptoms develop including apraxia, breathing abnormalities, sei-
zures, and scoliosis and are accompanied by the onset of mental deterioration. 
Between the ages of 2 and 10, the disease reaches a plateau phase, which can last for 
years, and for many patients, till the end of their lives. Even though apraxia and 
motor problems remain grave at this stage, there is an improvement in behavior, with 
less autistic-like features and increased alertness and social awareness. However, 
many patients, as they age, progress to a late motor deterioration stage, characterized 
by severely reduced mobility, often leading to inability to walk, advanced scoliosis, 
and muscle weakness (source: NINDS/NIH and OMIM #312750). 

 Nearly all cases of RTT are caused by  de novo  mutations in the X-linked gene that 
encodes for  MECP2  (see 12.4.2) (Amir et al.  1999  ) . Most of these mutations (~70%) 
are C-T transitions at eight speci fi c CpG dinucleotides that lead to truncated, par-
tially functional protein or loss of function and are associated with the more severe 
clinical manifestations of the disease. Small C-terminal deletions occur in about 
10% of patients and are associated with a milder phenotype (Smeets et al.  2005  ) . 

  MECP2  mutations that cause typical RTT in females usually lead to infantile 
encephalopathy and death in the  fi rst year of life in males with normal karyotype. In 
males, all brain cells will express the mutant  MECP2  X-linked allele, while females 
with an  MECP2  mutation are typically mosaic, since due to random XCI, half of 
their cells will express the mutant allele and the other half will express the normal 
one. Notably, there are exceptions from this rule. Males that carry an extra X chro-
mosome (Klinefelter syndrome) or with somatic mutations of  MECP2  develop a 
typical RTT phenotype (Clayton-Smith et al.  2000 ; Maiwald et al.  2002  ) . Rarely, in 
females, skewed XCI patterns can cause more or less severe phenotypes with wide 
variability, depending on the direction and the degree of the skewing (Christodoulou 
and Weaving  2003  ) .  

    12.4.2   MeCP2( Methyl-CpG Binding Protein 2) 

 MeCP2 is expressed in a wide variety of tissues, but appears to be most abundant in 
the brain and primarily in mature post-migratory neurons, where it is speculated to 
play a role in neuronal activity or plasticity. It is a member of the methyl-CpG bind-
ing protein family (Hendrich and Bird  1998  )  and consists of four functional domains: 
the methyl-CpG binding domain (MBD), which occupies ~100 amino acids in the 
N-terminus, the transcriptional repression domain (TRD), a C-terminal domain, and 
a highly conserved nuclear localization signal (NLS). The MBD shows strong pref-
erence for binding to methylated CpG residues in vitro (Nan et al.  1993  ) , and this 
was con fi rmed by the binding of the protein to mouse heterochromatic foci in vivo 
that are known to be heavily methylated (Nan et al.  1996  ) . Chromatin immunopre-
cipitation (ChIP) assays have demonstrated MeCP2 binding to several methylated 
promoters as expected; however, MeCP2 binding to non-methylated loci has 
also been reported (reviewed in Guy et al.  2011   ). Given the well-established role 
of DNA methylation in transcriptional repression, it was reasonable to assume 
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that MeCP2 would mediate gene silencing. It was  fi rst demonstrated by in vitro 
experiments that MeCP2 could function as transcriptional repressor of methylated 
genes (Nan et al.  1997  ) , and later, it was shown that this was achieved through the 
recruitment of the transcriptional corepressor Sin3A and HDACs 1 and 2 to the 
TRD (Nan et al.  1998  ) . Interestingly enough, nowadays, the growing list of interact-
ing partners of MeCP2 includes not only repressors (e.g., N-CoR, c-Ski) but also 
activators (e.g., CREB), DNA (DNMT1) and histone (Suv39H1) methyltrans-
ferases, chromatin remodeling (Brahma), RNA splicing (YB1), and other transcrip-
tion factors (reviewed in Chahrour and Zoghbi  2007 ; Guy et al.  2011   ). Even though 
the functional implications of the above  fi ndings are not clear yet, they suggest that 
MeCP2 does not have a global transcriptional repressor role, as it was initially 
thought, but is rather a multifunctional protein involved in diverse nuclear pro-
cesses. This idea is also corroborated by transcriptional pro fi ling studies. An early 
expression study in brain tissue from a mouse model of  Mecp2  identi fi ed only subtle 
gene expression changes (Tudor et al.  2002  ) , while more recent work in the mouse 
hypothalamus and cerebellum found that the majority of the genes affected were 
downregulated in the absence of the protein and upregulated when it was overex-
pressed (Chahrour et al.  2008  ) . 

 Several neuronal-speci fi c genes have been described as targets of MeCP2 includ-
ing brain-derived neurotrophic factor ( BDNF ), an important signaling molecule in 
brain development and plasticity, the imprinted genes distal-less homeobox 5 and 6 
( DLX5  and  DLX6 ) that encode for neuronal transcription factors, and the paternally 
brain-imprinted ubiquitin protein ligase E3A ( UBE3A ). However, with the excep-
tion of  BDNF , independent studies have yielded contradictory results as to whether 
MeCP2 regulates the expression of these genes (Guy et al.  2011  ) . An alternative 
view on the role of MeCp2 was put forward by a recent study that found that MeCP2 
binds wherever DNA methylation occurs, suggesting that it is not a gene-speci fi c 
regulator, but it may be required to reduce aberrant transcriptional events, thus 
allowing the transcriptional machinery to function ef fi ciently (Skene et al.  2010  ) . 

 In summary, the biological function(s) of MeCP2 are still under investigation. 
The fact that it is expressed mainly in postmitotic neurons along with the postnatal 
onset of RTT in affected individuals and MeCP2 mouse models supports the idea 
that MeCP2 plays a key role in the maturation and plasticity of neurons. Recent 
studies demonstrating that neurological abnormalities resulting from loss of MeCP2 
can be reversed upon restoration of endogenous protein production hold great prom-
ise for the development of therapies for RTT in the near future (Guy et al.  2007  ) .   

    12.5   Summary 

 In the last decade, we have witnessed the emergence of a new biological code, the 
“epigenetic code,” as an equally important determining factor of phenotypic varia-
tion in health and disease. With the development and application of new powerful 
technologies, the  fi eld of epigenomics has revealed distinct epigenetic pro fi les in 
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different cell types, as well as numerous epigenetic aberrations in a growing number 
of human disorders. The elucidation of the epigenome and the mechanisms that 
govern it can help us better understand the interaction between the genome and the 
environment and how this contributes to the genesis and progression of disease. 
More importantly, the fact that the epigenetic marks are reversible makes them per-
fect targets for the development of therapeutic schemes that aim to reestablish the 
normal epigenetic landscape and opens up new promising possibilities for the  fi ght 
against these diseases.      

 Abbreviations  

  AID    Autoimmune diseases   
  ALL    Acute lymphoblastic leukemia   
  AML    Acute myeloid leukemia   
   BDNF     Brain-derived neurotrophic factor   
  CD    Cluster of differentiation   
   CDH3     Cadherin 3 type 1, P-cadherin   
   CDKN2A     Cyclin-dependent kinase inhibitor 2A   
  ChIP    Chromatin immunoprecipitation   
   DLX5     Distal-less homeobox 5   
   DLX6     Distal-less homeobox 6   
  DNMT    DNA methyltransferases   
   DOT1L     DOT1-like histone H3 methyltransferase   
   GADD45a     Growth arrest and DNA-damage-inducible protein alpha   
   GSTP1     Glutathione  S -transferase- p 1   
  HATs    Histone acetyltransferases   
  HDAC    Histone deacetylases   
  HDMs    Histone demethylases   
  HMT    Histone methyltransferases   
   Hoxa9     Homeobox A9   
   IGF2     Insulin-like growth factor 2   
   ITGAL     Integrin alpha L   
  LINEs    Long interspersed nuclear elements   
  LOI    Loss of imprinting   
  MBD    Methyl-binding domain   
   MDM2     Mdm2 p53 binding protein homolog   
   MECP2     Methyl-CpG binding protein 2   
   MGMT     O-6-methylguanine-DNA methyltransferase   
  MHC    Major histocompatibility complex   
  miRNAs    MicroRNAs   
   MLL1     Mixed-lineage leukemia 1 gene   
  Mø    Macrophages   
  NLS    Nuclear localization signal   
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