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Purpose of review

The identification of regulatory polymorphisms has become
a key problem in human genetics. In the past few years there
has been a conceptual change in the way in which
regulatory single-nucleotide polymorphisms are studied.
We revise the new approaches and discuss how gene
expression studies can contribute to a better knowledge of
the genetics of common diseases.

Recent findings

New techniques for the association of single-nucleotide
polymorphisms with changes in gene expression have been
recently developed. This, together with a more
comprehensive use of the old in-vitro methods, has
produced a great amount of genetic information. When
added to current databases, it will help to design better
tools for the detection of regulatory single-nucleotide
polymorphisms.

Summary

The identification of functional regulatory single-nucleotide
polymorphisms cannot be done by the simple inspection
of DNA sequence. In-vivo techniques, based on primer-
extension, and the more recently developed ‘haploChIP’
allow the association of gene variants to changes in gene
expression. Gene expression analysis by conventional
in-vitro techniques is the only way to identify the functional
consequences of regulatory single-nucleotide
polymorphisms. The amount of information produced in the
last few years will help to refine the tools for the future
analysis of regulatory gene variants.
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Introduction

During the past decades genetics has contributed to the
discovery of many gene variants associated with human
disease. In October 2006 65251 of these variants had
been annotated in the Cardiff Human Genome Mutation
Database (website: http://archive.uwem.ac.uk/uwem/mg/
docs/hohoho.html). Most are responsible for monogenic
disorders, which are typically caused by a group of rare
mutations in the same gene. Familial hypercholesterole-
mia is a good example. In the year 2002 more than 890
mutations in the LDLR gene had been described. More
than 90% are point mutations and the great majority map
in the coding region of the gene [1]. In spite of this
impressive effort, the understanding of the genetic
basis of diseases as common as cardiovascular disease
or diabetes remains elusive.

The common disease/common variant hypothesis pre-
dicts that the genetic risk for common diseases will be
caused by susceptibility alleles present with high fre-
quencies within the population [2,3]. On the other hand,
the variants leading to increased susceptibility to com-
mon diseases usually produce a mild effect in the phe-
notype. Some of these mutations have been found in
coding sequences. The three well known apoE alleles
are a good example. Alleles €2, €3 and €4 encode proteins
with different biochemical properties. Having one of
these alleles is not enough for producing a disease phe-
notype, but they are one of the major genetic contributors
to the determination of plasma cholesterol levels [4]. Also
the Prol2Ala allele of the PPARG gene has been found
to be associated to type II diabetes [5]. In general,
however, these two characteristics, high frequency and
mild phenotype, are hardly seen together in coding
mutations.

If structural changes in proteins do not suffice to explain
common phenotypes maybe their abundance does. The
importance of variation in noncoding cis-regulatory
regions in the evolution of primate phenotypes had been
suggested a long time ago [6]. A recent survey of 140
polymorphisms, previously validated by in-vitro tech-
niques and involved in the regulation of 107 human
genes (at the time of the study more than 1% of the
named human genes), revealed that variation affecting
gene expression is widespread in the human genome. In
fact, humans are more polymorphic at functional regu-
latory sites than they are at coding sequences [7]. In
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addition, regulatory single nucleotide polymorphisms
(rSNPs) are more likely to produce mild phenotypes.
Again, the LDLR gene constitutes a good example.
Several rfSNPs have been published. All of them are
present in familial hypercholesterolemia families with
no other known change in the LDLR gene [8—12]. Most
interestingly, some of them are associated with a mild
familial hypercholesterolemia phenotype [11,12].

The mild phenotype associated with rSNPs is not the
only reason they are so difficult to identify. Promoters
are located just upstream of the transcription initiation
site and thus they are very easy to spot. T'wo regions
very distant in a linear chromosome can be in contact,
however, because of the changes introduced by the
compacting of DNA into chromatin. It is not unusual
to find control elements very distant from the coding
sequence like the locus control region of the globin gene
cluster or the region controlling the tissue-specific
expression of the apoF gene [13,14].

Methods for the quantificaton of
allele-specific gene expression

Today a large number of rSNPs have been identified by
in-vitro methods. In order to better understand the role of
these variants it would be very interesting to find associ-
ations between them and changes in gene expression
in vive. For that purpose several methods have been
designed for the in-vivo analysis of allele-specific gene
expression. The single nucleotide primer extension
(SNuPE), originally developed for the detection of
mutant alleles [15], was subsequently validated for the
study of the most extreme case of allele-specific gene
expression: imprinted genes. Briefly, the transcripts of
both alleles are amplified with a pair of primers flanking
the single nucleotide polymorphism (SNP). For deter-
mining the relative amount of each allele an oligonucleo-
tide, whose 3’ end is located just before the SNP, is
extended in two separated reactions, each one with the
radioactive dN'TP corresponding to each allele. The ratio
between the incorporated radioactivity of both reactions
represents the ratio of allele-specific expression [16]. A
good example of the application of this method is the
study of 13 genes in 96 lymphoblastoid cells. Originally
the allele quantification was done with the ABI Prism
SNAPshot Multiplex (Applied Biosystems, Foster City,
California, USA) [17], a method initially developed for
rapid genotyping of pooled samples [18]. A subsequent
high-throughput coupled SNuPE with hybridization
with Affymetrix HuSNP arrays (Santa Clara, California,
USA) [19]. The method has great potential and permitted
the acquisition of a great volume of data useful to
perform complex genetic analysis. It was successfully
applied for the study of the expression of 3554 genes
in lymphoblastoid cells from 14 large families. The
analysis revealed that the patterns of gene expression

are inherited thus underscoring the role of rSNPs in the
determination of common phenotypes [20].

The methods of analysis of allele-specific gene expression
based on single nucleotide primer extension perform
the analysis on the RNA and therefore cannot discriminate
between alleles of those SNPs not located within the
transcript. Thisisa very important limitation if we consider
that it excludes any sequence 5’ upstream of the transcrip-
tion initiation site, that is, most regulatory sequences.

In order to overcome this problem, a very elegant method
for the analysis of allele-specific gene expression
(haploChIP) was described by Knight e a/. [21]. The
haploChIP method makes use of one of the changes,
which accompanies gene expression. In the transition from
inactive to actively transcribed genes, the RNA polymer-
ase II (the enzyme which transcribes protein-coding
genes) leaves the site where the preinitiation complex
was previously formed and moves along the DNA. The
event is accompanied by structural changes in the poly-
merase molecule. One of these changes affects the
carboxy-terminal domain of the enzyme. The carboxy
terminal domain is a serine-rich domain, which is phos-
phorylated when the polymerase leaves the initiation
site. The phosphorylation is specific for some serines,
Ser5 among them, and specific antibodies against phos-
pho-Ser5 recognize only the polymerase bound to the
genes being actively transcribed. The method is sum-
marized in Fig. 1. Briefly, proteins are cross-linked to
DNA and chromatin is broken down to small pieces and
immunoprecipitated with an antiphospho-Ser5 antibody.
After reversal of the crosslink, the allele-specific gene
expression is analysed by primer extension and mass
spectrometry. The method has the advantage of the
study of the genes in a natural environment and allows
the functional association of DNA variants in the pro-
moter with changes in gene expression. Unfortunately it
is not possible to attribute these differences to a particular
SNP because it is not uncommon for more than one
SNP to exist in a particular regulatory region and even
in those cases in which only one SNP is present, the
effect of a distant SNP cannot be ruled out. Confirmatory
experiments in which isolated SNPs can be studied (see
in-vitro assays) are needed [22°°].

Functional in-vitro assays for the study of
gene expression

The reporter gene assay has been the most widely used
method for the study of promoter strength. Briefly, the
promoter is cloned directly upstream of the reporter gene
in a promoterless plasmid vector. The plasmid is then
introduced into cultured cells. Most cells do not integrate
the gene into the chromosome but the reporter gene is
expressed in the extra chromosomal state. Quantification
of protein activity (or amount) is done before 72 h after
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Figure 1 In-vivo characterization of regulatory polymorphisms
by allele-specific quantification of RNA polymerase loading
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The method described by Knight et al. [21] allows in-vivo measurement
of the differences in allele-specific gene expression. Protein bound to
DNA is crosslinked with formaldehyde and chromatin fragments are
produced by sonication. The DNA—protein complex is immunoprecipi-
tated with an antibody specific for a phosphorylated serine in the carboxy
terminal domain of RNA Polll. Subsequent primer extension is used for
determining the levels of allele-specific expression. For that purpose
biotinylated oligos located immediately upstream of the single nucleotide
polymorphism (SNP) are used. Quantification is done by mass spec-
trometry. SNuPE, single nucleotide primer extension.

transfection and gives an accurate estimation of the
activity of the promoter/regulatory region. In order to
avoid interferences from endogenous genes, reporter
genes isolated from different organisms are used. The
bacterial gene encoding the enzyme chloramphenicol
acetyl transferase, an enzyme responsible for resistance
to the antibiotic chloramphenicol, was the standard only a
few years ago [23]. Now it is being replaced by the
luciferase gene of the firefly (Photinus pyralis) [24], which
can be quantified using a luminometer over a broader
linear range (typically five to six orders of magnitude).

Achieving a good transfection efficiency is of great
importance in order to get reproducible results. Initial
methods, calcium phosphate [25] and DEAE-dextran
[26] rely on endocytosis for the uptake of DNA by the
cells. Both are still used for adherent cells. For cells
in suspension, electroporation (i.e. the entrance of
DNA through pores in the cell membrane induced by
a high voltage electroshock) is also a good choice [27,28].
Lipofection makes use of the fusion of DNA cationic

lipids complexes to the cell membrane [29]. Different
lipids from several manufacturers are marketed and not
all of them work equally well with different cell lines, so
efficiency tests need to be carried out in advance.

As differences in transfection efficiency result in changes
in the activity of the reporter gene, the results must
be normalized by the introduction of an internal control
of transfection. This is achieved by the co-transfection
of another plasmid in which a different reporter gene
is cloned downstream of a strong promoter (CMV
immediate—early and pSV40 early promoters are the most
commonly used). For the control any reporter gene (as
long as it is different from the one in the test plasmid) can
be used but the dual luciferase assay [30] has become the
standard. The test promoter is cloned upstream of the
Photinus pyralis luciferase. Another luciferase gene from
the sea pansy (Rewilla reniformis) [31] is used as trans-
fection control. Because the substrates of Reni/la and
Photinus luciferases are different, the quantification of
luminescence due to each luciferase can be performed
without the need for dividing samples.

The gene reporter method is very sensitive and the
results are typically very consistent. Differences as low
as 20% in promoter activity have been reported [32]. Its
principal virtue is that the effect of isolated SNPs can be
assayed. Because the promoter is not in its natural
chromatin environment, however, and because of the
different behaviour of cells in culture, the results are
sometimes difficult to correlate to in-vivo observations.
Since the introduction of the method in the 1980s, the
gene reporter assay has been successfully applied to the
study of a large number of SNPs in promoters. Only
recently, however, has a large number of SNPs been
studied simultaneously. Hoogendoorn ¢z a/. [33] des-
cribed the search for SNPs in the proximal 500 bp of
170 promoters selected from the FEukaryotic Promoter
Database. 'Thirty-five percent of the promoters contained
at least one SNP. Subsequent gene reporter assays
revealed that around a third of these variants might
significantly alter gene expression. Another study by
the same group screened for polymorphisms 56 genes
previously reported to be differentially expressed in
the brains of schizophrenics. Of a total of 54 sequence
variants represented in the haplotypes, 12 (about 22%)
resulted in functional changes [34]. Most interestingly,
the functional mutations are not randomly located in the
promoter. As shown in a study of 247 gene promoters 50%
of them are clustered in the proximal 100 bp. Inciden-
tally, only 33% of the functional variants were located in a
consensus transcription factor binding site (TFBS) [35°].

Altering the affinity transcription factors to DNA by
mutations in their binding sites (TFBS) is the most
common way in which SNPs can alter gene expression
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Figure 2 Electrophoretic mobility shift assay

C_ompetition
Nuclear with an unlabelled
i-abeiledt proteins fragment
ragmen
\ ‘/ —%
VL
S il -
T e 3 1 23
-, - . Protein-DNA
complex
- = =— . . Free DNA

A short double-stranded oligonucleotide is radioactively labelled and
mixed with a nuclear extract containing the transcription factors, which
specifically bind to the sequence. The complex is stable in a nondena-
turing PAGE, allowing resolution of protein—DNA complexes. Typically,
a labelled band with no protein extract (lane 1) is included in order to
know the position of noncomplexed DNA. The extra bands in lane 2
correspond to protein—DNA complexes. When an excess of unlabelled
oligonucleotide is added to the reaction, the labelled oligo is displaced
from the complexes and the extra bands cannot be seen (lane 3).

(for a discussion on how a SNP can affect gene expression
by changing DNA topology see Buckland [36°°]). Ideally
bioinformatics tools should be able to identify TFBS and
to discern when a change abolishes the binding. Apart
from TFBS sequence, however, there must be some
unknown factors that contribute to the binding as tran-
scription factors tolerate a relatively high degree of vari-
ation in the TFBS. Besides, only a small part of the TFBS
are known, as indicated by the experiments mentioned
above [35°]. Therefore the application of in-silico tools is
still very limited and accompanying laboratory assays are
still needed.

The electrophoretic mobility shift assay (EMSA) is the
major method for detecting binding of proteins to DNA.
The method is depicted in Fig. 2. Briefly, a labelled
double-stranded oligonucleotide (20—-25bp in size) is
mixed with a nuclear extract prepared from cells that
express the transcription factors. In the presence of
transcription factors a complex DNA-protein is formed.
Low salt conditions and the cage effect of the gel matrix
help to stabilize the complex during electrophoresis. The
formation of the protein—DNA complex results in a
retardation of mobility and in a separation from the free

probe. The specificity of the binding is enhanced by the
addition of synthetic polymers such as poly dI-dC and
parallel competition assays are carried out as controls of
the specificity.

The EMSA is a simple assay and very powerful in
combination with bioinformatics. A good example is
the study of the promoters of 176 genes coding for
G-protein coupled receptors (GPCRs). As a first step,
the proximal 5kb regions were screened for SNPs. The
result was the finding of approximately 800 SNPs.
Assuming that regions conserved between species most
likely mediate biological functions, a second round of
selection was carried out using human—mouse conserva-
tion as a major selection criteria. Out of the remaining 200
SNPs, 36 were predicted to result in altered binding. T'en
of them were selected for EMSA and seven resulted in
changes of electrophoretic mobility [37°]. A similar
experiment carried out in our laboratory indicated that
approximately 80% of the SNPs in which a change in the
binding has been predicted iz silico actually produce
changes in the mobility (Pampin e7 @/., in preparation).
The combination of EMSA and bioinformatics can be
used as a previous filter for selecting SNPs for the more
time and labour-consuming reporter gene assays.

Conclusion

The identification of regulatory polymorphisms has
become a key problem in human genetics. Coding poly-
morphisms can be identified 7z si/ico by sequence inspec-
tion and are thus amenable to high-throughput strategies.
Conversely, the identification of functional rSNPs is a
very laborious task. Considering the existence of several
million SNPs it is clear that the assignation of functional
significance can only be done by in-silico methods. At
present, the application of bioinformatics tools to the
identification of rSNPs often gives poor results. By the
application of the techniques described in this article
many functional polymorphisms might be identified
during the next few years. Hopefully the identification
of these rSNPs and their addition to the already existing
databases will help to improve the bioinformatic tools
which in turn will help to elucidate the genetic basis of
common diseases.
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