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Abstract
A multitude of results from genome-wide association studies have been published in recent years
in relation to different human diseases and phenotypic traits. However, the identified
polymorphisms explain just a small fraction of the variability of the traits and they are poor
predictors of occurrence of disease. Although part of the missing variability may be found in still
to be identified rare genetic variants, the present work proposes that a major part of the problem is
due to our conceptual limitations regarding functional loci and its variants. Functional variants are
currently defined in absolute positional terms; they are just sequence variations in fixed positions
along the DNA molecule. In the present study is postulated that functional loci may include
different positions in the DNA sequence. As consequence, variants of the same functional locus
may be located in different physical positions along the genome and, the observed effect of any
particular genetic variant will be then reduced compared to its true effect. The differential use of
regulatory regions such as gene promoters and enhancers would be a particular case of the
proposed hypothesis. The hypothesis makes predictions that can be tested, offering potential paths
of research to elucidate the genetic basis of complex human traits.
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INTRODUCTION
A basic assumption when studying how genetic variation may affect variability of human
phenotypic traits is that functional variants correspond to physical variants, and their
positions are fixed along the DNA. For example, a current approach to identify functional
loci is the use of genome-wide association studies (GWAS), in which hundred of thousands
of physical variants (single nucleotide polymorphisms, SNPs) across the genome are
genotyped and compared among thousands of subjects to assess association with the
phenotypic trait under study (for example a disease) (Figure 1). Because it is assumed that
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functional loci have fixed positions, differences of allele frequencies between cases and
controls are tested within each genetic polymorphism. Thus, by genotyping hundred of
thousands of physical loci we might be able to identify the subset of functional variants (or
at least variants that are in linkage disequilibrium with the functional ones) that determine
any phenotypic trait.

I hypothesize in the present work that, contrary to current assumptions, positions of
functional loci are not fixed in the DNA sequence; one particular functional locus may cover
different physical loci.

THE PROBLEM
The last few years have seen the completion and publication of a great number of GWAS in
different human diseases and phenotypic traits including cancers [1-3], psychiatric illnesses
[4,5], type-2 diabetes [6-8], weight [9-11], and height [12-14] among others. Although
GWAS have the potential to identify genetic variants associated with new mechanisms of
disease, results so far do not seem to explain much of total phenotypic variation due to
genetic factors. For example, the identified genetic variants associated with weight explain
only about 1% of the total expected genetic variation [15], 18 identified loci are associated
with a sibling relative risk of just 1.07 (i.e., 7% increase in disease risk compared to the
general population risk) for type-2 diabetes [16], and 40 newly identified loci explain just
about 5% of the phenotypic variation in height [12-14]. As a consequence, genetic variants
identified so far are also poor predictors of the occurrence of disease. For type-2 diabetes,
the genotype score of the 18 identified single nucleotide polymorphisms (SNPs) does not
offer additional predictive power when known risk factors (i.e., age, family history, weight,
etc) are taken into account [16,17]. Finally, a recent study found that the addition of 10
common genetic variants associated with breast cancer to a risk model containing
reproductive, medical and family history did not provide additional information on risk of
developing breast cancer [18].

Part of the problem may be due to technical limitations of current GWAS platforms that fail
to capture rare variants contributing to variation of phenotypic traits [19,20]. Current efforts
such as the 1000 Genome Project will help to identify and catalogue rare variants to use in
future GWAS. Other types of genetic factors, such as copy number variants (CNV) may also
add to the genetic basis of human traits. However, I claim that a major part of the problem is
due to our current limitations regarding the concept of functional variants. As Figure 1
shows, functional variants are currently defined in absolute positional terms or in other
words, they are just considered as sequence variations in the same position along the DNA.
Thus, comparisons of allele frequencies are made within each genetic polymorphism to
assess whether particular genetic variants correlate with the phenotypic trait under study.

THE HYPOTHESIS
I postulate that functional loci have not fixed positions along the DNA sequence. As
consequence, variants of the same functional locus may reside in different physical positions
in the genome. A single example will help to make clear the meaning and significance of the
proposed hypothesis. The African trypanosome Trypanosoma brucei is a unicellular
protozoa that infects the bloodstream of mammals and causes sleeping sickness in humans.
T. brucei is able to elude the host immune system by periodically changing its protective
coat, the variant surface glycoprotein (VSG) (see review in [21,22]). T. brucei has more than
1000 VSG genes, but only one is transcribed at a given time with a switching rate of about
1% per trypanosome cell per generation [23]. As this example shows, we can consider the
whole set of VSG genes as a single functional locus and therefore, its functional variants
may be located in different positions along the T. brucei genome. As Figure 2 makes clear,
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the position of functional variants is not fixed rather it depends on which VSG gene is being
expressed in a particular trypanosome parasite.

From the last example we can define a functional locus as the whole set of genomic regions
that are alternatively used to carry out the same function. Regulatory regions may be also an
example of different DNA regions belonging to the same functional locus. Different
elements such as promoters and enhancers regulate gene expression, and a given gene may
be under the action of multiple of such regulatory elements. For example, more than half of
human genes have alternative promoters [24], with an average of 3.1 promoters per gene
[25], and several enhancers may regulate the expression of the same gene [26-28]. The use
of multiple regulatory elements is needed for the correct tissue- and developmental-specific
gene expression, but it also opens the possibility that person-to-person differences in gene
expression are mediated through the alternative use of regulatory elements. I propose the
hypothesis that there is a heritable trend to preferentially use certain regulatory elements
rather than others. There would be differences among persons in which regulatory element is
used and such differences would be heritable. The use of alternative regulatory elements
would be a particular case of the more general hypothesis of different genomic regions
belonging to the same functional locus.

A SIMPLE MODEL
Let us know consider a simple model that may help us to understand why genetic variants
detected so far through GWAS are poor predictors of disease. For simplicity, the model
assumes a gene with two alternative promoters P1 and P2 (Figure 3), although the model can
be generalized to more than two promoters and other regulatory elements may also be added
to the model. The model assumes the existence of differences across subjects in which
promoter is used; some persons will use the P1 promoter and others will use the P2
promoter. Which promoter is used may depend on epigenetic mechanisms such as
methylation of cytosine residues in the DNA. A genetic polymorphism G1, with alleles A1
and A2, is located inside the P1 promoter; the A1 allele increases the risk of disease
compared to the A2 allele. Another genetic polymorphism G2, with alleles B1 and B2, is
located in P2 promoter; the B1 allele increases the risk of disease relative to the B2 allele.

Because current genetic association studies assume that functional variants have fixed
positions, we will explore how this assumption may lead to underestimation of genetic
effects. Let us suppose we carried out a genetic association study to explore the relationship
between the G1 and G2 genetic polymorphisms with risk of disease. Assuming current
thinking we will consider both genetic polymorphisms as different functional loci. Also we
are unaware of the differential use of the P1 and P2 promoters across individuals. As Table 1
shows, the association between the G1 polymorphism and risk of disease (i.e. the A1 allele
associated with higher risk of disease and the A2 allele associated with lower risk of disease)
is only present when the P1 promoter is used (chromosome types 1 through 4 in Table 1).
Because we do not know which promoter is being used we are unable to measure the true
association between the G1 polymorphism and risk of disease; the observed association
between the G1 polymorphism and risk of disease will be diluted by the presence of
chromosomes in which the P2 promoter is being used. The same situation will happen for
the G2 polymorphism given the fact that its association with risk of disease (i.e. the B1 allele
associated with higher risk of disease and the B2 allele associated with lower risk of disease)
is only present when the P2 promoter is used (chromosome types 5 through 8 in Table 1).
The observed association between G2 and risk of disease will be diluted by the presence of
chromosomes in which the P1 promoter is being used.
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To truly understand the genetic basis of the disease discussed in the last example we need to
know which of the promoters is being used and, we need to consider both genetic
polymorphisms, G1 and G2, as belonging to the same functional locus. Among subjects with
both homologue chromosomes using the P1 promoter the relevant polymorphism is G1;
among subjects with both homologue chromosomes using the P2 promoter the relevant
polymorphism is G2; and for individuals using both promoters we need to define a new
genotype consisting of one allele of the G1 polymorphism (from the chromosome using the
P1 promoter) and one allele of the G2 polymorphism (from the chromosome using the P2
promoter).

BIOLOGICAL PLAUSIBILITY OF THE EPIGENETIC MODEL
The present work proposes that functional loci have no fixed positions along the genome. As
discussed in the example regarding the alternative use of VSG genes in T. brucei, different
physical (i.e. genetic) loci may be part of the same functional locus. Alternative promoters
of the same gene in mammals offer the opportunity to search for empirical evidence of the
proposed hypothesis. It is known that a considerable proportion of human genes have
multiple promoters [24,25], and the use of these alternative promoters tend to be tissue-
specific [29-32]. However, there are no large-scale studies in human populations to assess
inter-individual variation in the use of these alternative promoters. This study postulates that
there is person-to-person variation in the use of alternative promoters and such variation can
be inherited, at least in part, through epigenetic mechanisms such as DNA methylation. It is
noteworthy that a recent study in twenty-six healthy subjects reported that five out of seven
alternative promoters of the glucocorticoid receptor (GR) gene showed high inter-individual
variability in methylation patterns [33] and there are evidence that methylation play a key
role in the use of alternative promoters [34-37].

THEN, WHAT IS AN ALLELE?
The proposed hypothesis sheds new light to the concepts of gene and allele. As it has been
widely noticed [38-40], our understanding of what is a gene has evolved through time
because of our growing knowledge regarding the molecular biology of the DNA and RNA.
Regardless of the definition of gene proposed for different authors [38-40], it is clear that the
DNA sequence by itself is not enough to decide what a gene is and any meaningful
definition of gene must include in some way reference to expression mechanisms. It is
troublesome then, that even though the modern concept of gene involves more than the
DNA sequence the allele is still defined mostly in positional terms; the single nucleotide
polymorphism (SNP) representing the quintessential allele. The proposed hypothesis
suggests that defining an allele just in terms of DNA physical variation without taking into
account patterns of expression (for example, the alternative use of promoters) may be
insufficient to grasp the whole spectrum of heritable variability. In particular, genetic
polymorphisms in different physical positions may be functional variants of the same pattern
of expression, and in some cases the same genetic polymorphism may be no equivalent
when comparing different subjects in relationship to the phenotypic trait. The hypothesis has
major implications in the fitting of risk models using genetic polymorphisms. Recent studies
have reported that the addition of GWAS-identified polymorphisms to risk models of type-2
diabetes [16,17] and breast cancer [18] does not significantly improve risk prediction when
known non-genetic risk factors are taken into account. Although such results may due in part
to the small effect of each individual polymorphism, the proposed hypothesis suggest that in
presence of inter-individual variation of expression patterns we may be classifying subjects
based on the wrong genotypes.
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It must be noticed that the same framework of alternative promoters can be used for other
types of alternative regulatory regions (for example enhancers) affecting expression of target
genes (Figure 4). A ~500 kb region on chromosome 8q24 has been found to carry genetic
variants associated with different types of cancer such as prostate, breast, colorectal,
ovarian, and bladder cancers [1,41-45]. It is noteworthy that the several polymorphisms
identified in chromosome 8q24 are distributed in discrete regions that are associated with
specific types of cancer [44]. These regions tend to overlap or be located close to putative
enhancers identified through bioinformatics analyses and in vitro studies [46,47], and at
least one of those enhancers is able to physically interact with the promoter of the Myc gene
located more than 300 kb far away [47]. It remains to be determined the in vivo activity of
these different enhancers, and whether there are person-to-person variations in the use of the
enhancers.

In summary, a hypothesis is proposed that may explain in part why currently GWAS-
identified genetic variants are poor predictors of complex human traits. The hypothesis
makes a series of predictions that are testable, and shows new paths of research to assess the
inter-relationship between genetic variants and individual patterns of expression.
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Figure 1. Genome-wide association study
Hundred of thousands of single nucleotide polymorphisms (SNPs) are genotyped in cases of
disease and controls to assess association with a particular disease. Differences on allele
frequencies between cases and controls are tested for each genetic polymorphism. In this
example, the first and fifth polymorphisms from left to right (in ovals) show differences
between cases and controls: a genetic variant (filled circles) is more frequent in cases
compared to controls.
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Figure 2. VSG genes in Tripanosome brucei
The genome of the parasite T. brucei has more than 1000 VSG genes and only one gene
(filled boxes) is expressed at a given time. In average, the genetic pattern of expression (i.e.
which VSG gene is transcribed) will be transmitted through ~100 T. brucei generations
before a switch of transcription. Because different T. brucei parasites may express different
VSG genes, the assignment of functional loci to fixed genomic positions has no functional
sense.
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Figure 3. Gene with two alternative promoters
A gene X may be transcribed from two different alternative promoters P1 and P2. It is
proposed the existence of person-to-person variation in which of the promoters is used. A
polymorphism G1 is located inside the P1 promoter, and a different polymorphism G2 is
located inside the P2 promoter.
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Figure 4. Gene under the regulation of alternative enhancers
The gene X is regulated by alternative enhancers numbered 1 through 4. The hypothesis
proposes that there is heritable person-to-person variation (mediated at least in part through
epigenetic mechanisms) in the use of the alternative enhancers. Multiple potential enhancers
have been found in the gene desert region in chromosome 8q24, that carry polymorphisms
associated with different types of cancer.
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Table 1

Risk of disease according to chromosome type

Chromosome
type

Promoter being
used

G1
polymorphism

G2
polymorphism Risk of disease

1 P1 A1 B1 High

2 P1 A1 B2 High

3 P1 A2 B1 Low

4 P1 A2 B2 Low

5 P2 A1 B1 High

6 P2 A1 B2 Low

7 P2 A2 B1 High

8 P2 A2 B2 Low
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