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Abstract

The extensive polymorphism revealed in non-coding gene-regulatory sequences, particularly in the
immune system, suggests that this type of genetic variation is functionally and evolutionarily far more
important than has been suspected, and provides a lead to new therapeutic strategies.

Considerable attention recently has focused on polymor-
phisms and their potential subtly to alter protein function in
ways that might prove biologically or clinically important.
But increasing numbers of polymorphisms are also being
identified in the regulatory regions of genes, and here I con-
sider the significance of these. Reflecting my perspective as
an immunologist, this article takes as its starting point the
posy of recently discovered polymorphisms associated with
autoimmunity, atopy and resistance to infection that are
shown in Table 1. I use the word ‘posy’ to indicate that, in
spite of my effort to make the survey comprehensive, it may
well be incomplete. To make sense of the distribution of
polymorphisms, I focus here on ‘introvert’ genes, which have
been defined as genes encoding proteins that handle self
molecules, as opposed to ‘extrovert’ genes, which encode
proteins that handle foreign molecules that enter the body
from outside [1,2]. In the former, non-coding variation pre-
dominates, as distinct from extrovert genes, in which the
reverse applies, at least in the sample surveyed here.

The collection of genes in Table 1 is of miscellaneous origin.
Some members, such as the polymorphisms in the major his-
tocompatibility complex (MHC) class II promoters, emerged
from a decades-long search for the genes responsible for vari-
ation in immune function and disease susceptibility. Tpm1 (T
cell phenotype modifier-1) is a major determinant of Th1/Th2
balance of T-helper-cell subsets that falls into the same cate-
gory. Others, such as the genes for interleukin (IL)-1, IL-4,
IL-10 and tumor necrosis factor-o. (TNFa), were first identi-
fied because of their functional importance, and were then
scrutinized for allelic variations associated with disease.

Other instances of polymorphism - in interferon y (IFNy) and
IL-5Ra, for example - were first identified by microsatellite-
based genome searches (quantitative trait loci analysis). This
last category is the one most likely to grow in future as it has
no prior bias and, therefore, provides objective sampling of
disease-associated genes [3]. It has been validated by the con-
cordance between searches carried out in humans and
animals [4]. The ACE1 gene, encoding the angiotensin I-con-
verting enzyme involved in blood pressure regulation, is also
included in Table 1 because the biological impact of its poly-
morphisms are so well understood. Substitutions in the regu-
latory regions of ACE1 are known to have a larger effect than
those in the coding regions.

The preponderance of non-coding
polymorphism

Non-coding polymorphisms make up a clear majority of the
polymorphisms listed in Table 1. Furthermore, the coding
polymorphisms include some special cases. Thus, that in
IL-2 is of minor interest because of its limited disease associ-
ation. Those in Tpm1 and TGFp are, in a sense, regulatory,
as discussed below. The coding polymorphisms of the
chemokine receptors were presumably selected by infection
[5], and thus fall into the extrovert category that has other-
wise been excluded from this survey.

Some, but not all, of the examples shown in Table 1 have a
functional phenotype, defined by an effect on the level of
transcription and/or translation, and are thus known to be
regulatory. The various types of regulatory variation are
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Table |

Disease-associated polymorphisms

Protein affected Disease Non-coding/coding Functional Human/animal (H/A)
(N-C/C) phenotype
IL-1/IL-IRA Periodontal [17], osteoarthritis [18] N-C 5 Yes H
and others
IL-2 IDDM [19] C No A (not H)
IL-4 Asthma [20] N-C 5’ and intron No H
IL-5Ra Atopy [21] N-C 5’ and splice variant Yes A
IL-6 Juvenile idiopathic arthritis [22] N-C 5' Yes H
IL-10 SLE [23] N-C 5 Yes H
IL-13 Asthma [24] C No H
IFNy Asthma and atopy [25] Intron No H
TNFa RA, SLE and others (Several groups) N-C 5 Yes H
TGFB Transplant rejection [26] C (signal sequence) Yes H
FcyRIIBI SLE [27] N-C 5 Yes A
Insulin IDDM [28] N-C 5 Yes H
RANTES Atopic dermatitis [29] N-C 5 No H
Nramp| HIV, TB, JRA [30] N-C 5’ Yes H A
Nramp2 Anemia [31] C and intron Yes H, A
ACEI Hypertension [32,33] N-C 5’ and intron (and C) Yes H, A
CCRS5, CCR2 AIDS [34] N-C 5 Yes H
AIDS [5] c No
MHC class Il Many diseases C Yes H
Collagen-induced arthritis [4] N-C 5 Yes
IL-12R/Tpml Cutaneous leishmaniasis [35] (e} Yes A

(transcription factor?)

shown in Figure 1. Most of the examples of cis-regulatory
variation occur upstream of the coding sequence, as shown in
the figure. TGFf provides an example of the less common,
coding form of cis-regulatory polymorphism that occurs in
the signal sequence; this gene has other cis-regulatory vari-
ants upstream, which have a weaker phenotype. In addition,
as is thought likely in the case of Tpm1, a polymorphism can
be trans-regulatory if it occurs in the coding sequence of a
transcription factor. Mutations, rather than polymorphisms,
of this type cause rare congenital diseases such as cleidocra-
nial dysplasia (OMIM #119600) and Rubinstein syndrome
(OMIM #180849) [6], by mutations in the CBFA1 transcrip-
tion factor and the CBP cotranscription factor, respectively.
In some patients with cleidocranial dysplasia, such mutations
have not been detected, and these cases may possibly result
from mutation in the CBFA1 binding site, which would put
them into the cis-regulatory category.

Most of the examples shown in Table 1 involve the orchestra-
tion of the immune response by tightly regulated cytokines

and their receptors, where regulatory polymorphism might
be expected to play an unusually important part. Reassur-
ingly, increasing evidence indicates that cis-regulatory varia-
tion also predominates in the evolution of body shape, as
recently reviewed [7]. Carroll’s review [7] cites the central
role of cis-regulatory elements in the evolution of modern
maize from its ancient progenitor teosinte - as predicted [1].

It is striking how rich the immune system turns out to be in
introvert polymorphism, considering the great importance to
it of extrovert polymorphism - most notably in the MHC.
Indeed, the genetics of the immune system was concerned in
the past almost exclusively with the extrovert function of
antigen-recognition. Furthermore, genetic variation of the
extrovert type is a major feature of the evolution of the host-
parasite relationship, extending far beyond the immune
system. In the well-studied case of resistance to malaria, it
includes the genes encoding the hemoglobins, glucose-6-
phosphate dehydrogenase, and the Duffy blood group.
Further examples of parasite-selected coding polymorphisms
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Figure |

The types of regulatory genetic variation so far found. (1) cis-regulatory, non-coding; (2) cis-regulatory, coding;
(3) trans-regulatory, coding or non-coding (although no instance of polymorphism in the expression of a transcription factor
has yet been reported); (4) cis-regulatory, non-coding, very long distance (position effects). The transcription factor is shown

in blue, signal sequence shown in red.

can be expected, for instance in the host proteins that are
exploited by intracellular bacteria such as Listeria and Sal-
monella. Extrovert genes vary not only between alleles (for
example, the MHC and the nutrient-handling plant
allozymes) but also between gene duplicates (as in lympho-
cyte receptors for antigens, olfactory receptors and plant
avirulence receptors). Yet in spite of this remarkable range, it
is hard to believe that the extrovert genes comprise more
than a minor part of the total genome.

Heterozygote advantage - or not?

To what extent are polymorphisms in the regulatory regions
subject to natural selection? They could in principle be
neutral, transient (reflecting allele replacement or popula-
tion mixing) or balanced (through increased fitness of the
heterozygote). Balanced polymorphism is potentially valu-
able for the insight it provides into therapeutic approaches.
Ideas that have been proposed for balance of non-coding
polymorphisms include: a low rate ACE promoter for regula-
tion of systemic blood pressure and a high-rate one for local
wound healings; a constitutive insulin promoter for negative
selection in the thymus and a regulated one for insulin pro-
duction in the pancreas; a low-rate cytokine promoter for
resistance to some types of parasite and a high-rate one for
resistance to others; and slow-rate MHC class II promoter
for T-cell Th2 responses and a high-rate one for Thi
responses. The common theme is that the alleles are
expressed in different circumstances. As differentiation pro-
ceeds, one allele gets transcribed in one type of cell, while
the other gets transcribed in another. These ideas seem rea-
sonable enough, but so far lack firm support. Little is known
about differential allelic transcription in different cell types.
The various mechanisms proposed would all provide selec-
tive advantage for heterozygotes, and would thus increase
the flexibility of the system.

The relative fitness of heterozygotes has been a major
theme of population genetics at large. As shown in Figure 2,

genetic variation of any trait can be plotted as a bell-shaped
curve that relates the magnitude of the trait to the fre-
quency of individuals. At the curve’s center, the genetics are
predominantly multifactorial and, on the basis of the
present data, predominantly within cis-regulatory
sequences. At its tails, consideration of Mendelian inheri-
tance in man suggests that the reverse tends to apply. Fur-
thermore, at the center the variation is likely to result
substantially from polymorphism (that is, substitutions
where the frequency of the rare allele exceeds 1% and which
cannot therefore result simply from mutation). The poly-
morphisms will, in part, be sustained by heterozygote
advantage; the extent to which they do so is unknown, but
the important point here is that the stronger the heterozy-
gous phenotype, the higher the likelihood that balancing
selection is involved. The role of heterozygote fitness at the
tails of the curve is more complicated. Some of the more
common monofactorial disease genes are thought to spread
as a result of heterozygote advantage. Well known examples
are the hemoglobin and glucose-6-phosphate dehydroge-
nase alleles that mediate resistance to malaria, and the
cystic fibrosis mutations that do the same for enteric infec-
tion [8-10]. My colleagues and I have argued from the pre-
ponderance of immunodeficiencies that are X-linked that
these examples may be misleading and that the majority of
‘recessive’ autosomal monofactorial deficiencies may in fact
have heterozygotes with reduced fitness [11]. Our reasoning
is that at long-standing population equilibrium, the loss of
even slightly disadvantageous autosomal alleles would have
a significant impact because of the relatively high frequency
of heterozygotes, and this in turn should reduce the fre-
quency of the homozygotes responsible for the disease. This
effect would not apply to X-linked disease, where heterozy-
gous females are only slightly more common than diseased
males, and would thus explain the predominance of X-
linkage among the deficiency genes. The question remains
open, as once again experimental and epidemiological evi-
dence is lacking. What a shame that more attention is not
paid to these heterozygotes.
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Figure 2

Genetic variation in relation to the bell-shaped curve. The biases shown are discussed in the text in relation to the working of

the immune system, but may apply more widely.

The information obtained from disease associations may be
compared with the much larger body of sequence compar-
isons emerging from studies using DNA microarrays, which
do not (yet) relate to gene function. A recent study [12]
found sequence diversity to be almost identical for coding
and non-coding regions, but with over twice as much silent
as replacement substitution in the coding sequences. These
newer data give the same overall impression as the disease
associations surveyed here, even though the DNA microar-
ray screen did not distinguish between regulatory and non-
regulatory sequences. The study also made comparisons
with sequence data from apes, but did not compare coding
with non-coding regions. A 15-fold variation in nucleotide
diversity across genes (coefficient of variation was 74% for
non-coding segments) was noted. This opens up a reason-
able prospect of finding functionally significant ‘nests’ of
single nucleotide polymorphisms (SNPs) such as are present
in MHC class II promoters [12] - sequences that overlap
transcription factor binding sites and that are rich in SNPs.
Of particular interest are transcription factor recognition
elements such as the cAMP response element (CRE), which
occurs in many genes, allowing comparisons of its level of
polymorphism in differing circumstances. CRE activates

transcription of target genes in response to a diverse array of
stimuli, including peptide hormones, growth factors and
neuronal activity. Our published [13] and unpublished data
on the CRE sequences in MHC gene promoters indicate that
polymorphism varies significantly in level between genes
with different functions and, as expected, tends to localize
not so much in the CRE sequence itself as in its immediate
neighborhood.

Care is called for in interpreting these evolutionary patterns.
One cannot just extrapolate from a snapshot of contempo-
rary intraspecific variation, even though it is this that pro-
vides much of the raw material for long-term change. It may
be reassuring to find the importance of cis-regulatory ele-
ments repeating itself in the evolution of mice, maize and the
vertebrate body, as emphasized here, but that does not mean
that the course of evolution is so simple.

New avenues for therapy

The importance of non-coding polymorphism sends a strong
message to the therapeutic strategists: search the genome
for sites of high non-coding polymorphism, identified as



SNP nests, by whatever tools come to hand. They will tell
you where nature has found a way of intervening at an
important checkpoint. Follow her lead! But it is not quite
that simple. The counter argument is that nature tends to
conserve functionally important sequences. So the art of
therapeutic strategy will be to strike the right balance
between these two messages. It would make things easier if
we could point to some really important checkpoint that has
already been identified by genetics alone. That has not yet
been achieved, but current progress in genomics tells us that
we may not have long to wait.

Hitherto the collection of human polymorphism data has
been a sort of cottage industry, where various groups have
chosen to focus on different genes without much rhyme or
reason. A more systematic approach can now be formulated,
based on whole-genome sequencing. Before long the mouse,
and later the chimpanzee, genome will be sequenced. Then
the following scenario could be applied: First, proximal pro-
moters in the human genome would be identified via the
Eukaryotic Promoter Database [14,15] and by other means.
Next, upstream cis-regulatory sequences would be identified
via their conservation between mouse and human and by
other means [16]. Conservation between chimp and human
may be too high for this kind of use. Finally, the cis-regula-
tory sequences identified in this way would then be scanned
for divergence between human and chimpanzee, thus identi-
fying the sites that have most responded to selective pres-
sure. These would therefore specify candidate checkpoints of
importance to the functioning of the body. But before setting
out to exploit this information, it would be wise to find out
whether these candidates were also sites of polymorphism in
humans. Intraspecific and short-term interspecific variation
may not always run in parallel, as mentioned above, but it
will be reassuring when they do so. One suspects that diver-
gence between mouse and man may be too high for this kind
of use, as the differences driven by selection would be sub-
merged in junk variation.

My study of progressive evolutionary divergence in MHC
gene promoters in the series Mus musculus - M. pahari
(approximately 4 million years) - rat (approximately 10
million years) - mole rat (over 10 million years) provides, I
hope, a rehearsal of this scenario. One can watch the diver-
gence evident in modern laboratory mice, which is located
preferentially around the transcription binding sites, becom-
ing gradually swamped by random divergence - presumably
junk - as one moves back in time. For humans, the trick will
be to find an interspecies comparison where the divergence
in cis-regulatory sequences is high enough to be informative,
without being swamped by the junk. With luck, the compari-
son with chimp may provide much of what is needed. If not,
then another one or two primate genomes may be required -
and the additional information that they could provide
would surely justify the effort. One might expect the human-
chimp comparison to tell us more about checkpoints in the
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brain than in the cardiovascular system, for instance.
Because the genome will not behave in the same way
throughout, having a few comparisons to choose from
should, in any case, be useful. In summary, one can envisage
a royal road running from comparative genomics to the
identification of key checkpoints, and then leading on to
novel drug discovery.
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