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Mutational bias provides a model
for the evolution of Huntington’s
disease and predicts a general
increase in disease prevalence

David C. Rubinsztein', William Amos?, Jayne Leggo!, Sandy Goodburn!, Rajkumar S.
Ramesar’, John Old4, Ronald Bontrop’, Robert McMahon!, David E. Barton' & Malcolm

A. Ferguson-Smith!$

Huntington’s disease (HD) correlates with abnormal expansion in a block of CAG repeats
in the Huntington’s disease gene. We have investigated HD evolution by typing CAG
alleles in several human populations and in a variety of primates. We find that human
alleles have expanded from a shorter ancestral state and exhibit unusual asymmetric
length distributions. Computer simulations are used to show that the human state can
be derived readily from a primate ancestor, without the need to invoke natural selection.
The key element is a simple length-dependent mutational bias towards longer alleles.
Our model can explain a number of empirical observations, and predicts an ever-

increasing incidence of HD.

Huntington’s disease is one of a growing number of
genetic disorders which are now known to be associated
with expansion within a block of trinucleotide repeats!.
Other examples include fragile X, Kennedy’s disease and
myotonic dystrophy'. The repeats responsible for HD
have a CAG motif and are located in the 5' end of the
transcript'. HD is a late onset disease, generally affecting
people who are past reproductive age, and results when
the CAGrepeatsexceed 34in number?, When exceptionally
large numbers of repeats are present, the disease manifests
itself earlier in life>,

HD is generally rare, but varies in prevalence between
ethnic groups, being more common in East Anglians
(UK) (1in10,000) and relatively rare amongst Japanese (1
in a million). As yet, no clinical symptoms have been
linked to people carrying non-disease alleles (<35 repeats),
suggesting that non-HD alleles do not confer overtly
variable fitness. The lowest number of CAG repeats yet
recorded in humans is eight, the individual(s) concerned
being apparently healthy?. Why alleles shorter than this
have not been observed remains to be established. The
possibility that short alleles are selected against is difficult
to rule out, although our observation that non-human
primates all carry short alleles (see below) provides
circumstantial evidence that this is not so.

Overall, therefore, it seems that natural selection acts
weakly, ifat all, on HD alleles below the disease threshold.
In the absence of natural selection, the distribution of HD
alleles in human populations should be explicable in
terms of a balance between the mutational mechanisms
generating new allele lengths and neutral genetic drift. In
order to gain insight into the mutational mechanisms
responsible, and to try to understand the evolution of

disease chromosomes, we have analysed the distribution
of non-HD repeat lengths in both human populations
and primates. These results are compared with computer
simulations modelling the mutational process. We
conclude that human CAG repeatsare not in equilibrium.
Instead the CAG repeats appear to be subject to a
mutational bias which causes inexorable expansion and _
will in turn lead to an ever-increasing incidence of -
Huntington’s disease.

Human CAG allele distributions

The block of CAG repeats which is responsible for HD lies
immediately adjacent to a block of CCG repeats®®, CAG
repeat length has been determined by PCR, generally
using primers which flank both the CAG and the CCG
repeats'. However, since the CCG repeats are themselves

polymorphic, we elected to determine the length of each

block separately, using an internal PCR primer®*3, In this

way, precise CAG repeat numbers were determined for

samples drawn from five ethnic groups (Fig. 1, Sub-

Saharan Blacks, East Anglians (ourlocal population in the

UK), Asians, Japanese and South African Blacks, see

Methodology.

Two distinctive features are apparent. First, there is an
apparent asymmetry to all distributions, more alleles
lying above, rather than below, the modal length. All
populations show positively skewed distributions (see
legend, Fig. 1), similar to that seen at the CEB] VNTR
locus®. At CEBI, the asymmetry is associated with
mutationalbias', leading us towonder whether mutational
bias could also explain the distribution of CAG alleles.

Second, although modal CAG repeatlength is relatively
consistent between human populations (either 15 or 17),
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Fig. 1 Population distributions of CAG repeats in the Huntington’s disease gene
in five hurnan populations and in chimpanzees. Skewness was determined,
using the SPSS/PC+ package (see Methodology), to be 1.9 for the Africans
{Nigerians), 4.0 for the East Anglians, 4.0 for the Asians, 4.5 for the Japanese,
3.4 for the South African Blacks and 2.0 for the chimpanzees. A skewness value
of 0 indicates a normal distribution, while positive values indicate positive
skews. The analysis of all of these populations and of the human populations
alone revealed significant heterogeneity (x2 = 424, 45 d.f., p<0.0001 and %2 =
144, 36 d.f., p<0.0001).

the degree of spread varies, being greatest amongst the
African groups and least amongst the Japanese. This
variation is consistent with the population histories of the
ethnic groups concerned. The Japanese sample shows low
allelic diversity with a significant paucity oflongalleles (>22
repeats, standard residual = —2.2, p<0.05). This is to be
expected of a race which is thought to have gone through a
relatively recent bottleneck, expanding from its founders
around 300 B.C.". Similarly, the African samples show
much greater allelic diversity. This is compatible with
expectations forasample containing chromosomallineages
o drawn from several ancient, previouslyisolated populations.

Determination of the ancestral state

Todetermine the ancestral state, we extended our study to
cover a wide range of primates (Fig. 1, Fig. 2). In total,
sampleindividuals from ten species were typed, including
13 chimpanzees, the species thought by many to be man’s
closestliving relative. CAG repeatlengths were remarkably
consistent between species, with the combined range
spanning only six repeat units (range 7-12). In size, the
primate repeat numbers lie at the very bottom end of the
human range, suggesting stronglythat human CAG repeats
have expanded from a shorter ancestral state.
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Linkage disequilibrium in CAG-CCG haplotypes
Use of an internal primer allows us to construct CAG-
CCG haplotypes (Table 1, 2). CCG alleles are named
relative to the published sequence, +0 being the same
length, -1 being one repeat shorter, etc. Allelic diversity
amongst CCG alleles is much lower than for CAG repeats,
indicating a lower overall mutation rate. Interestingly, by
typing other primates we found evidence that, like the
CAG repeats, the CCG repeats have expanded during the
course of human evolution. Most of the primates carry the
+1 allele, and man’s closest relatives, the chimpanzee and
the gorilla, carry mainly -1 and +0/+1 alleles respectively.
As only 12 nucleotides separate these two regions!, we
expected and found strong linkage disequilibrium. For
example, amongst East Anglians, the +0 allele is
significantly over-represented in HD patients® (Table 1,
X' = 13.07, 3 df,, p<0.005). Amongst non-HD East
Anglians, a significant linkage disequilibrium also exists
between this CCG allele and long-normal CAG alleles
(Mann Whitney U-Wilcoxon Rank Sum W test: U=46,
W=24, p<0.0458). Indeed, all but one of 22 normal East
Anglian chromosomes having 20 or more CAG repeats
are associated with the +0 allele.

Does meiotic drive affect HD alleles?

In myotonic dystrophy, another trinucleotide disease,
heterozygous fathers carrying one allele with greater than
18 repeat units seem to preferentially transmit the longer
allele to their offspring, leading to the suggestion that
there may be meiotic drive at this locus'2 To see if meiotic
drive could also explain the increasein CAG repeat number
in HD, we analysed a number of CEPH families involving
parents who were heterozygous for CAG repeat number.

(CAG (CAGn
— 36
- 17
1 _ _ 1
8
- 8

NN |
a b c¢defghijkim! no

Fig. 2 CAG repeat sizes in the Huntington’s disease genes
of 3 gorillas (a), 3 baboons (b), 3 orang-utans (c), 2 crab-
eating macaques (d), 2 rhesus macaques (), 2 marmosets
{f), pooled samples from 6 male talapoins or from 6 female
talapoins (g), 1 gibbon (h) and 1 Olive baboon (i). Marker
samples with 9 and 13 repeats (j) and 10 and 16 repeats
(K}, normal human samples (1), a marker Indicating 36
repeats (n), an HD patient (m) and the water blank (o) are
also included. The sizes of the repeats are shown.
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Table 1 CCG repeats in different populations

No .of CCGrepeats Chimpanzees  Black South African East Asians  Japanese HD
(relative to published Africans (Nigerian)  Anglians chromosomes
sequence) Blacks

-1 25 (96) 5 (6) 1 (1)

+0 19 (23) 39 (41) 46 (58) 69 (68) 40 (65) 32 (91)

+1 1 @ 12 (14) 1 (1) 3 @

+2 5 (6) 2 @2 6 (8 7 @ 1 Q)

+3 39 (46) 53 (55) 25 (31) 26 (25) 22 (35) 2 (6

+4 3 @

+6 1 (1)

Sizes of CCG expansions in different populations relative to the originally published sequence that has seven
uninterrupted CCG triplets'. Absolute numbers of chromosomes of each genotype are indicated and the percentage of
each population’s chromosomes with a given number of CCG repeats is shown in parenthesis. Analysis of all of these
populations or of the normal human populations showed significant heterogeneity (x2 = 499, 36 d.f., p<0.0001 and x?

=109, 24 d.f., p<0.0001, respectively).

Over all meioses considered, no transmission bias in
favour of longer alleles was found (maternal alleles
transmitted, 83 long, 83 short; paternal alleles transmitted,
93 long, 101 short: statistics as in ref. 12, p=0.28). For a
more direct comparison with the myotonic dystrophy
result, we alsolooked for preferential inheritance of alleles
with 17 or more repeats. Again, no significant deviation
from one to one was found (maternal alleles, 17 short, 25
long, p=0.11; paternal alleles, 32 short, 24 long, p=0.14).
Thus, meiotic drive does not seem to be a major factor
governing the population genetics of HD. Furthermore, if

meiotic drive were responsible for the gradual expansion
of the CAG repeats, then one would expect to see allele
distributions with negative skews, as opposed to the
positive skews we have observed.

Computer modelling of CAG repeat evolution

The evolution of human CAG repeats was modelled using
a simple computer simulation. Each simulation begins
with a single lineage in the assumed ancestral state (range
tested, 9-13 repeats, chosen on the basis of the repeat sizes
in non-human primates, see above) and continues for a

Table 2 CAG/CCG haplotypes in different populations

CAG South African blacks
(84 chromosomes)

CCG

Chimps
(26 chromosomes)
CCG

Africans (Nigeria)
(96 chromosomes)
CCG

(80 chromosomes)
CCG

East Anglians Asians Japanese
(102 chromosomes) (62 chromosomes)
CCG

CCG

-1 +0 +1
8 4
9 73
10 4 4

12 15

L

CAG/CCG haplotypes in five different human populations and in chimpanzees. All figures represent the percentage of the chromosomes on

the relevant haplotype. The CCG repeat-sizes are named relative to the number of repeats in the original published sequence’. The most

common human CCG alleles (+0 and +3) are shaded for ease of identification.
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single repeat unit, despite the fact that larger bite sizes
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o PLE
© 8 0 12 4 6 18 20 22 24 28 28 30 oz

Number of CAQG repeats

MUTATION PROBABILITY

25 LEAST SQUARES VALUE (Thousands)

ANCESTRAL LENGTH

LEAST SQUARES VALUE (Th

° 002 004 006 o008 o1 oz ou
MUTATION PROBABILITY

EXPONENT

. LEAST SQUARES VALUE {Thousands)

e

-

ANCESTRAL NUMBER OF CAG REPEATS

3 ) 5
EXPONENT

performed. A consensus set of best-fit parameters was derived (1 = 0.04, bias
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goodness of fit to the empirical distributions of all ethnic
groups, and to the complete data set.

The hypothesis we are keen to test is that the human §
CAG allele distributions result from a mutational bias }
towards longer repeats. Such a bias was introduced to the
model by varying the probability of gain rather than loss ]
(probability range tested, 0.5-1.0 in the ancestral state). ;
Both mutation rate and mutation bias were also given §
varying degrees of length dependency such that both 3
reach maximal values in the disease range of allele lengths
(exponential function varied between I and 6).

Using a wide range of starting conditions, we were able
to generate a number of allele-length frequency
distributions of a similar nature to those seen in humans, ‘
A representative distribution is presented in Fig. 34, §
compared to the African sample (since this population |
consistentlyyielded abetter fit than the other populations,
see discussion below). In addition, example graphs are
given toindicate the effect of individual parameterson the
goodness of fit (Fig. 3b). Two patterns emerge: first, an {
essentialfeatureoftlxemodelwasfoundtobeamutational :
bias amongst all allele lengths. This is logical, since all
human alleles apparently derive from a shorter, primate
precursor. This would be very hard to explain without
some force favouring longer alleles. Second, linear or
weak logarithmic length dependency produces a poorer
fit than strong length dependency. This might indicate a
step function where the mutation rate and bias rise
suddenly above a certain threshold length,

The main difference between the results of our
simulations and the empirical distributions is that the
allelefrequenciesinhuman populations are much spikier,
certain alleles being over-represented. This is to be
expected. Population sub-division, random genetic drift
and migration will all affect the pattern we observe today.
Particularly during the period when human populations
were measured in thousands or tens of thousands,
bottlenecks and genetic drift would allow some alleles to
reach high frequency.

Discussion
Mutational bias: a model for repeat expansion.
Huntington’s disease is associated with abnormal
expansion within a block of CAG repeats in the
Huntington’s disease gene'. Such selection explains the
rarity of HD alleles containing large numbers of CAG
repeats. Here we examine the possible forces acting to
shape the distribution of non-HD allele lengths.

We have determined CAG repeat lengths for sample
alleles drawn from five different human populations, as
well as from a wide variety of primate species. The allele
lengths we find show a number of interestingand unusual
properties which must be explained by any model
addressing evolution of HD. First, virtually all human
chromosome lineages carry more CAG repeats than are
likely to have been present in the ancestral state, Second,
the human allele-frequency distributions all reveal a
distinct skew towards longer alleles. Third, whilst the
modal allele length varies little, variance in allele length
often differs between populations. Finally, disease
incidence varies greatly between ethnic groups’.

The above observations can be explained by invoking
natural selection, either favouring the current mode or
eliminating short alleles. Whilst there is no evidence to
support this possibility, it is difficult to preclude. We have

Nature Genetics volume 7 august 1994
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therefore decided to follow an alternative approach. If
selection isassumed to be absent, a simple model based on
mutation and neutral genetic drift should be capable of
generating the allele frequency distributions we see today.
The key feature of such a model, mutational bias, is
suggested by three observations: the general expansion in
CAG repeat number, the bias which is known to operate
on disease length alleles and the distribution of allele
lengths at a minisatellite locus where mutational bias has
been documented®,

Computer simulations of CAG repeat evolution. We
used computer simulations, incorporatingboth mutational
bias and length dependency, to investigate whether the
observed distribution of HD alleles in different ethnic
populations can be explained by drift and mutation alone.
Our simulations proved able to generate allele frequency
distributions of a very similar form to the empirical data.
The main discrepancy is that the simulated distributions
are smoother and fail to match the low variance of the
Japanese sample,

This shortcomingreflectsa deficiency in the model, and
istobe expected. We cannot hopeto model past, unknown
stochastic events in human evolution. Instead, our model
producesa probability distribution for chromosomal end-
states in a very large population. Smaller populations, and
those which have experienced a bottleneck, will show
lower allelic diversity and, during expansion, will have a
lower variance for allele length. In other words, the model
is good at predicting which alleles are likely to be
commonest, butitdoes notincorporate the sort of: founder
effects which would allow individual alleles to reach high
frequency.

Thisargument predicts that our model should fitbestto
amixture of manyancient lineages, and should fit worst to
a pure population which has passed through a recent
bottleneck. This is exactly what we find. Best fit to the
simulation is achieved by populations which could be
argued to contain diverse lineages, such as the Africans
and the pooled data set, and poorest fit is achieved by the
Japanese, who are thought to have experienced a recent
bottleneck.

The tendency of our model to inflate variance in allele
size relative to natural populations has an important
consequence, In the best fit solution, parameter settings
which reduce allele length variance will be set artificially
high. For example, allele length variance is inversely
proportional to the degree of mutational bias,
Consequently, although mutational bias is an absolute
requirement, the degree of bias suggested by the model is
probably too high. Similarly for ancestral length, lineages
whichareinitiated close to the empirical mode will require
fewer mutational steps, show a lower variance and tend to
fit the empirical data better. We thus wish to emphasise
thatour modelis not designed to predict precise values for
each of the parameters tested, but more to demonstrate
that the human state can be derived from its presumed
ancestral state. ; o

As a further example of the qualitative nature of the
model, consider mutational bias, We assume that all
mutations involve a single repeat unit, bias operating
simply to determine whether this is gained or lost. Our
observations do not preclude very rare jumps of many
repeat units. The positive skewing of the distributions that

we have noted is largely created by alleles close to the

Nature Genetics volume 7 august 1994

modallength and is unlikely to be due to very large jumps.
However, bite sizes of more than one repeat have been
observed'. Analternative possibility is that bias correlates
with bite size, such that single repeat units are gained and
lost with equal frequency but larger blocks are more likely
to be gained rather than lost. This possibility is entirely
speculative, but would provide a possible means to link
bias, mutation rate and length dependency.

A neutral model gains further support from the strongm

linkage disequilibrium which exists between neighbouring
CAG and CCG repeats. Compared with a presumed
ancestral stateamongst primates, both these repeatsappear
to be expanding, but at different rates, the CCG repeats
being slower. Low CCG repeat number alleles should
therefore indicate ancient chromosomal lineages and
higher CCG repeat numbers will mark more recent lines.
Since the ancient lineages will have had a longer time for
the CAG repeats to expand, we would predict that low
CCGrepeats should be associated with higher mean CAG
repeat lengths and vice versa. This is precisely what is
found, CCG and CAG repeat lengths show a highly
significant negative correlation (r=0.23,4484.£,, p<0.001).
Our dataisalso compatible with the alternative possibility
thata jump from CCG +0 to CCG +3 occurred in human
evolution to give rise to the bimodal distribution of this
repeat. This scenario would also give rise to the
disequilibrium noted above.

Finally, a further prediction of our model is that the
prevalence of HD in a population should correlate with
the frequency of long-normal alleles (20-33 repeats).
Recent work has shown that new HD mutations originate
on chromosomes with high normal repeat numbers5,
HD varies greatly in prevalence between races. Amongst
East Anglians, HD is relatively common’. As predicted,

East Anglians also carry many more long-normal alleles,

in this case associated with a putative ancient +0 CCG
allele. That this is an effect of linkage disequilibrium and
genetic drift, and is not merely an effect of the +0 allele
itself, is shown clearly by the fact that Japanese people
carry many +0 CCG alleles, yet these are not particularly
associated with long-normal CAG alleles. Similarly, HD is
very rare amongst Japanese, and this race hasa significant
deficit of long-normal alleles relative to all other races,

In conclusion, we have constructed a simple model
which can explain readily the distribution of trinucleotide
repeats in the human Huntington’s disease gene. The
model indicates two requirements, a mutational bias
towards longer alleles over all allele lengths and a strong
length dependency for the mutation rate, possibly even a
step-function. Although the Precise parameters must be
determined empirically, our model can explain many
unusual features of the HD CAG repeats: their evolution
from an ancestral primate state, the asymmetric
distribution of allele lengths, the different prevalences of
the disease in different populations and the nature of the
linkage disequilibrium between the CAG and CCGrepeats,
The model is simple, and consistent with other
observations on the mutational process in the
Huntington’s disease gene. ’

If our model holds true, there is an unfortunate
consequence that has recently also been considered by

“John Maddox', We predict that the allele frequency

distributions we see today are not end-points, but a snap-
shotofa transition statein an on-going process of gradual

_expansion, In the absence of interference, this expansion
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will continue and accelerate, leading to an ever-increasing
incidence of HD. Since mutation towards detrimental
repeat lengths happens over the course of several
generations, natural selection will be entirely ineffective
in halting this process.

Note added in proofr We have recently found two
chimpanzee chromosomes with 16 CAG repeats. CAG
repeatlengths were determined ina further 12 chimpanzees
(three known founders and nine other chimpanzees of
unknown origin — we cannot rule out relatedness of
these animals either to each other or to the founders).
Seventeen chromosomeshad 9 repeats, onehad 10 repeats,
three had 12 repeats, one had 13 repeats and two had 16
repeats. The high prevalence of small repeats confirms
our previous findings and conclusions that the ancestral
state was a small number of repeats. The finding of
chromosomes with 16 repeats suggests either that the
expansion from the ancestral state occurred before the
split of the human and chimpanzee lineages or that
expansions have occurred in both lineages.

Methodology

DNA samples. DNA was examined from 40 East Anglian cystic
fibrosis patients who were not homozygous for the AF508 mutation,
48 Sub-Saharan Africans (mainly from Nigeria) who were referred
for the diagnosis of sickle-cell anaemia, 51 Asian patients from the
Indian subcontinent and Pakistan who were referred for diagnosis
for haemoglobinopathies, 31 Japanese individuals who attended
language schools in Cambridge, 42 normal South African Blacks
(mainly Xhosa)and chimpanzees (Pan troglodytesfrom Sierra Leone).
The East Anglians, Sub-Saharan Africans, Asians and South African
Blacks did not deviate significantly from Hardy-Weinberg
equilibrium when the observed homozygote and heterozygote
frequencies of the insertion/deletion polymorphism in the myotonic
dystrophy gene'” were compared to expected values deduced from
the observed allele frequencies (x* <0.05 in all cases). Similarly, the
Japanese sample did not deviate from Hardy-Weinberg equilibrium
when tested with the genotypes observed for the the HD CCG repeats
(¥ <0.05). Thechimpanzees represent 13 founderindividuals caught
in the wild. This sample is relatively outbred as determined by their
MHC haplotype heterogeneity'®. In addition, 3 gorillas (Gorilla
gorilla), 3 baboons (Papio sp.), 3 orang-utans (Pongo pygmaeus), 2
crab-eating macaques (Macaca fascicularis), 2 rhesus macaques
(Macaca mullato), 2 marmosets (Callithrix sp.), 1 Olive baboon
(Papio anubis), one gibbon (Hylobates sp.) and pooled samples
either from 6 male or from 6 female talapoins (Miopithecussp.) were
analysed. All DNA samples were from peripheral blood lymphocytes
except for the Japanese samples which were from mouthwashes and
the orang-utan, gibbon and gorilla samples which were derived from
cell lines.
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