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HTT haplotypes contribute to differences
In Huntington disease prevalence between

Europe and East Asia

Simon C Warby!, Henk Visscher!, Jennifer A Collins!, Crystal N Doty!, Catherine Carter!,
Stefanie L Butland!, Anna R Haydenl, Ichiro Kanazawa?, Colin J Ross! and Michael R Hayden”’1

Huntington disease (HD) results from CAG expansion in the huntingtin (HTT) gene. Although HD occurs worldwide, there are
large geographic differences in its prevalence. The prevalence in populations derived from Europe is 10-100 times greater than
in East Asia. The European general population chromosomes can be grouped into three major haplogroups (group of similar
haplotypes): A, B and C. The majority of HD chromosomes in Europe are found on haplogroup A. However, in the East-Asian
populations of China and Japan, we find the majority of HD chromosomes are associated with haplogroup C. The highest risk
HD haplotypes (A1 and A2), are absent from the general and HD populations of China and Japan, and therefore provide an
explanation for why HD prevalence is low in East Asia. Interestingly, both East-Asian and European populations share a similar
low level of HD on haplogroup C. Our data are consistent with the hypothesis that different HTT haplotypes have different
mutation rates, and geographic differences in HTT haplotypes explain the difference in HD prevalence. Further, the bias for
expansion on haplogroup C in the East-Asian population cannot be explained by a higher average CAG size, as haplogroup C has
a lower average CAG size in the general East-Asian population compared with other haplogroups. This finding suggests that
CAG-tract size is not the only factor important for CAG instability. Instead, the expansion bias may be because of genetic
cis-elements within the haplotype that influence CAG instability in HTT, possibly through different mutational mechanisms for

the different haplogroups.
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INTRODUCTION

Huntington disease (HD) is a progressive neurodegenerative disorder
that is dominantly inherited and results from a mutation that expands
the polymorphic trinucleotide (CAG) tract in HTT. The average
CAG-tract size in the general population is 16-20 repeats. However,
in HD patients the CAG-tract has expanded to 36 repeats or greater.!

Although HD is found worldwide, there are significant geographic
differences in its prevalence.>™ The highest prevalence rates are
reported for Western populations from Europe, where the minimum
prevalence is >5 per 100000 (Figure 1 and Supplementary Table 1).
The origins of HD chromosomes in the United States, Canada,
South Africa, Australia, the Caribbean, the Indian Subcontinent and
Venezuela can be genealogically traced to European origins® and
have similar HD prevalence rates to Europe.

The origins of HD chromosomes in Eastern populations such as
China and Japan are less clear. The minimum HD prevalence is
estimated to be 0.1-0.5 per 100000 in China”® and Japan.’-!!
Previous studies have speculated that HD chromosomes in the
Chinese population have the same origin as the European population.”
HD patients in China and Japan appear to have similar clinical and
pathological features, but the disease occurs at a much lower frequency
than in Europe.®!2 The reasons for the 10-100-fold lower prevalence

of HD in China and Japan (hereafter referred to as ‘East Asia’)
compared with European populations is not well understood.

New mutations make a significant contribution to the prevalence of
HD. Expanded CAG-tracts can be unstable and have a tendency to
increase in size across generations, particularly when paternally trans-
mitted.!>!* New mutations for HD occur when the CAG-tract of
a transmitted chromosome expands to 36 repeats or greater. The
intermediate allele (IA; 27-35 CAG) class of chromosomes have a
larger than normal CAG-tract in HTT. Individuals with an IA will not
develop HD themselves, but their offspring may be at risk of inheriting
a CAG-tract that has expanded into the HD range (>35 CAG).!>
Estimates of the mutation flow of the CAG-tract'® and the frequency
of HD cases that do not have a previous family history of HD'” suggest
the new mutation rate may be as high as 10% in some populations.

Furthermore, there is an inverse relationship between the CAG-tract
size and the age of onset of the disease that accounts for
the ‘anticipation’ of the disease (earlier onset) in subsequent
generations.'®! As the CAG-tract continues to expand from genera-
tion-to-generation, the age of onset gets earlier. Eventually, with large
CAG-tract sizes (> 60 repeats), the onset of the disease occurs before
reproductive age (juvenile onset), and the disease chromosome
does not have an opportunity to be passed on to the next generation.
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Figure 1 Worldwide estimates of the prevalence of HD. Overall, the prevalence of HD is much higher in European populations than in East Asia. Average
minimum prevalence on the basis of several studies are shown (references in Supplementary Table 1). Note that prevalence studies occurring before the
discovery of the HD gene in 1993 could underestimate the true prevalence of HD by as much as 14-24%.17:45 In particular, many of the studies in Africa
have small sample sizes and the HD diagnosis has not confirmed by molecular testing. As HD phenocopy disorders are relatively common in Africa,® these
studies could have significantly overestimated the HD prevalence in these regions. Currently, the Maracaibo region of Venezuela has the highest reported
worldwide prevalence of HD (700 per 1 00000).39 Venezuela was colonized by the Spanish in the 16th century, and the origins of HD in Venezuela can be
traced back to Europe.38 Also see Harper,* Conneally?” and Al Jader et al/? for earlier reviews on the worldwide prevalence of HD.

The current prevalence of HD in any population is therefore the result
of the balance between the incidence of new mutations caused by CAG
expansion into the disease range and the incidence of CAG expanded
chromosomes eliminated by anticipation.?’

CAG expansion in European populations does not occur randomly,
but is associated with specific HTT haplotypes. In a previous study,
three broadly defined haplogroups (A, B and C) were found in the
HTT region in the general population, but both HD chromosomes
and intermediate alleles for HD were almost exclusively found on
haplogroup A.?! Further, CAG-expanded chromosomes were signifi-
cantly more likely to be associated with two specific haplogroup A
variants (Al and A2) than any other HTT haplotype. However, these
variants (Al and A2) were not exclusive to CAG-expanded chromo-
somes, suggesting that these variants might have an increased muta-
tion rate relative to other HTT haplotypes in the general population.
We have previously proposed that this increased association of CAG
expansion with Al and A2 in the European population is most consistent
with the hypothesis that genetic cis-elements found on these haplotypes
are predisposed to CAG expansion.??> The purpose of this study was to
determine if HD chromosomes in populations of East-Asian descent arise
on the same haplotype as seen in European populations.

METHODS

In order to determine the haplotypes of HD chromosomes in European
(n=199 independent chromosomes from unrelated individuals >35 CAG,
including 65 samples reported previously 2!) and Chinese and Japanese!®?®
(n=31 independent unrelated chromosomes >35 CAG) populations, geno-
typing was performed at 21 tagSNP positions in the HTT region using a
customised GoldenGate assay on the Illumina BeadArray platform. Phasing was
performed using PHASE-22 with family trio information to assign the SNP
alleles to chromosomes of known CAG size. CAG-tract size was measured using
methods described previously.?> Haplogroups were called using the criteria
developed previously?! (Supplementary Table 2). Statistical analysis was per-
formed using Excel or ‘R’ software (www.r-project.org) as appropriate. P-values
are reported and indicated with nonsignificant (n.s.) when they
exceed alpha=0.05. Ethnicity of subjects was self-reported and confirmed by
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independent self-reports of family members. The use of both previously
collected de-identified archived samples and those collected from consenting
UBC HD Clinic patients and families was approved for this study by the UBC/
Children’s and Women’s Health Centre of British Columbia Research Ethics
Board (UBC C&W REB H05-70532).

RESULTS AND DISCUSSION

Confirming our previous results, HD chromosomes in European
populations are most likely to occur on a subset of HTT-specific
haplotypes within haplogroup A (Supplementary Table 3).2! Variants
Al and A2 have the highest risk for CAG expansion in European
populations (Odds Ratio 13.9 and 2.8; P-value 4.8x107%° and
9.9x 1077, respectively). CAG expansion may still occur on variant A3
(OR 0.9; P-value 0.82 n.s.) but in contrast, variants A4 and A5 (OR 0.2
and 0.0; P-value 6.6x 10~ and 2.9x 10~#) appear to be protected from
the mutation relative to other haplotypes in European populations.

In contrast, HD chromosomes in East Asia were associated with
different haplotypes than seen in Europe. In Chinese and Japanese,
CAG expansion was most frequently associated with haplogroup C
(OR 5.2; P-value 4.4x10™%) and less commonly associated with
A5 and haplogroup B (OR 0.4 and 0.5, P-value=0.11 n.s. and
P-value=0.37 n.s.; Figure 2). We did not find any Chinese or Japanese
chromosomes with CAG expansion on haplogroup variants Al or A2,
which was most common in Europe.

To determine the frequency of the different haplogroups on control
chromosomes ( <26CAG), genotyping and phasing was performed on
DNA from family trios in the general population from Europe (n=428
trios), China and Japan (n=73 trios). Haplogroup frequencies
among control chromosomes in the general population were similar
within the different European populations and within the East-Asian
populations. (Supplementary Table 3). However, the HTT haplogroup
frequencies in the general population (<26CAG) are very different
between the European and East-Asian populations (Figure 3). The Al
and A2 variants, highly associated with European CAG expanded
chromosomes, were found in up to 20% of the general population
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Figure 2 HTT haplogroups of CAG-expanded chromosomes (>35CAG). The HD mutation occurs on different haplogroups in East-Asian and European
populations. In Europe, CAG expansion is most likely to be found on haplogroup A, particularly variants A1 and A2. In East Asia, CAG expansion is
associated with different haplogroups, including haplogroup C. Note that ‘Other’ haplotypes (white) could not be easily categorized into haplogroup A, B
or C. ‘A-Other’ haplogroup variants (grey) could not be easily categorized into a variant of haplogroup A. Number of chromosomes are indicated in brackets.
The data are also presented in Supplementary Table 3.
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Figure 3 HTT haplogroups of the general population (<27CAG). There is a diversity of haplogroups found in the general population of Europe, despite the
fact that CAG expansion is most likely to occur on haplogroup A in this population (compare with Figure 2). Note that haplogroup A, and the variants with
the highest risk of CAG expansion in the European population (A1l and A2, in red) are absent from the general population of China and Japan. Number of
chromosomes are indicated in brackets. The data are also presented in Supplementary Table 3.

in Europe. In contrast, these two highest risk haplogroup variants are Overall, the average CAG-tract size in the East-Asian general
completely absent from the general population in East Asia in our population was 16.9 repeats (Table 1). This is lower than the average
sample. One explanation for the lower prevalence of HD in East Asia =~ CAG-tract size of 17.8 repeats in Europeans and consistent with
could therefore be the absence of predisposing Al and A2 haplotypes  previous reports.?® In East Asia, the frequency of haplogroup C on
in their general population. HD chromosomes is significantly increased relative to the frequency of
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Table 1 HTT haplotype frequency in East Asia and Europe (number of
chromosomes are indicated in brackets)

General population HD chromosomes

East Asia Europe East Asia Europe
Avg CAG 16.9 17.8 45.1 45.0
N 73 428 31 199
A-1 0.00 0.07 (29) 0.00 0.50 (100)
A-2 0.00 0.13 (54) 0.00 0.29 (57)
A-3 0.03 (02) 0.12 (50) 0.00 0.11 (22)
A-4 0.11 (08) 0.09 (37) 0.00 0.02 (03)
A-5 0.27 (20) 0.06 (27) 0.13 (04) 0.00
A-Other 0.00 0.01 (05) 0.00 0.02 (05)
B 0.16 (12) 0.04 (19) 0.10 (03) 0.00
C 0.40 (29) 0.47 (200) 0.77 (24) 0.02 (05)
Other 0.03 (02) 0.02 (07) 0.00 0.04 (07)

haplogroup C in the general population (Supplementary Table 4,
%> P-value 4.4x107%). This suggests that new mutations for HD do
not occur randomly on any chromosome, but that there is a mutation
bias that increases the probability of CAG-tract expansion on haplo-
group C in this population.

Interestingly, HD occurs on haplogroup C at a similar frequency in
both Europe and East-Asian populations, and may be the result of a
baseline level of CAG instability of this specific haplogroup. HD
prevalence in Europe on average is estimated at 7.5 in 100000 and
expansion occurs on haplogroup C only 2% of the time in this popu-
lation. Therefore, the specific prevalence of HD on haplogroup C
in Europe would be estimated at 0.15 in 100000. Although the
overall prevalence of HD in East Asia is 10-100 times lower than in
Europe, this is similar to the estimated specific prevalence of HD on
haplogroup C in the East of 0.19 per 100000 (Table 2). Although
the frequency of HD on haplogroup C in Europe is only a minor
proportion of the overall prevalence, the specific prevalence of HD on
haplogroup C is very similar to that in East Asia. Haplogroup C remains
the most susceptible haplogroup in East Asia because the haplogroup
variants with higher risk (Al and A2) are absent from this population.

The overall prevalence of HD in any population is the balance
between the incidence of new mutations for HD and loss of HD
chromosomes because of negative selection of very large CAG-tracts
that result in juvenile onset HD. This equilibrium is therefore critically
dependant on forces that alter the CAG-tract size of normal (<27
CAG) and intermediate alleles (27-35 CAG) of HTT, which are not
subject to significant negative selection. Why is the HD mutation
more likely to occur on specific HTT haplotypes? We propose two
potentially complementary explanations:?2>27

(1) The bias is due to a larger average CAG-tract size of that
haplogroup in the general population. The larger average CAG
size could be due to a founder mutation or genetic drift. CAG
instability is positively and exponentially related the size of the
CAG-tract,'®?® and a larger average CAG-tract size would make
that haplogroup more likely to expand and become a new
mutation for HD.

(2) Certain haplogroups contain genetic cis-elements in the HTT
region that increase the probability of CAG expansion relative
to other haplogroups. These cis-elements may be particularly
important when the CAG-tract size is in the normal or inter-
mediate range and the influence of CAG-tract size itself is
reduced.
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Table 2 Prevalence of CAG-expansion on haplogroup C

Avg overall HD prevalence Fraction Prevalence of HD
per 100000 Haplogroup of total  on haplogroup C
Europe 7.5 C 0.02 0.15
All non-C 0.98
East Asia 0.25 C 0.77 0.19
All non-C 0.23

Abbreviation: HD, Huntington disease.

The prevalence of HD on haplogroup C is similar between East Asia and Europe. HD is far more
prevalent in Europe (7.5/100 000), but a small fraction of the total number of CAG-expanded
chromosomes occur on haplogroup C (2%). Despite the lower overall prevalence of HD, the
prevalence of CAG expansion specifically on haplogroup C is similar in the East Asian
populations.

To discriminate between these two possibilities, we compared the
CAG-tract size distribution between C and non-C haplotypes in
East Asia (Figure 4). Interestingly, the mean CAG-tract size of haplo-
group-C chromosomes (16.0 repeats) was not higher than non-C
chromosomes (17.2 repeats) in the general population of East Asia.
This is not consistent with the first explanation above because the CAG
expanded chromosomes on haplogroup C do not appear to have come
from a pool of intermediate alleles on the same haplotype in East Asia.

Instead, the data argue that CAG-tract size cannot be the only factor
important for CAG instability and supports the second explanation
above. This conclusion is further supported by a clear precedent for
genetic cis-elements influencing CAG instability for other genes.?’
Although there are many CAG-tract-containing genes in the genome,
each has a different propensity to CAG instability that is not explained
by differences in mean CAG-tract size®® but could be explained
by cis-elements that influence CAG instability. For example, CTCF
binding sites located cis to the ATXN7 gene can regulate CAG hyper-
instability at that locus.>>3> We hypothesize that genetic cis-elements
present in different HTT haplogroups may be regulating CAG
instability at the HTT locus. Further experiments are clearly needed
to demonstrate this.

Although the sample size is relatively small, particularly in the
East-Asian samples, our data are consistent with the hypothesis that
different HTT haplotypes have different mutation rates, and
geographic differences in HTT haplotypes explain the difference in
prevalence of HD (Figure 5a). The Al and A2 haplotypes that
comprise the majority of European HD chromosomes are not present
in the East-Asian populations, and may have arisen in Europe
following the separation of these two populations (Figure 5b) about
25000 years ago.>>** There also appears to be a consistent trend of
higher prevalence estimates in Western Europe compared with
Eastern Europe, suggesting the Al and A2 haplotypes may have
originated from the Western coast of Europe. This prevalence trend
is emphasised in Finland® (0.5 per 100000), where geographic
isolation and reduced immigration is believed to result in a lower
prevalence of HD than its coastal neighbours Sweden3® (5 per 100 000)
and Norway>’ (7 per 100 000). The genealogical path of HD into many
European-derived populations in North America and Australia is
known,? although there is a notable lack of basic prevalence informa-
tion from South America, aside from Venezuela.?®3® Prevalence
estimates from the Indian subcontinent are also limited to one
study of immigrants to the UK,* but these data suggest the prevalence
of HD in India may be higher than in East Asia. This is supported by
further molecular analysis of HTT in the Indian population®' but
warrants further examination. More data are also needed from Africa,
where a number of studies have found that the prevalence of HD is
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Figure 4 CAG size distributions of haplogroup C (a) East Asia and (b) Europe. In East Asia, the majority of HD mutations occur on haplogroup C. In the

general population of East Asia, the average CAG-tract size of haplogroup
simply because of a large average CAG-tract size (Note that the CAG-t

C is less than other haplogroups, suggesting that the bias of expansion is not
ract size distribution is discontinuous because of the fact that there is an

ascertainment bias towards discovering chromosomes with >36CAG due to HD symptoms).

—_— D
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Mutation rate in HTT
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Figure 5 Model of CAG expansion in HTT. (a) At least two mutation rates and potentially two mutational mechanisms, may contribute to CAG expansion in
HTT. The low prevalence of HD on haplogroup C is consistent in both East-Asian and European populations and is explained by a low level of CAG expansion
that occurs on haplogroup C (blue). The mutation rate of the second mechanism (red) is much higher and therefore results in a higher overall prevalence of
HD in European populations. (b) The genetic changes that produced haplotypes A1/A2 appear to have occurred after the separation of Asian and European
chromosomes (red arrows), as these haplotypes are completely absent from the Chinese and Japanese populations. The genetic changes that produced A1/A2
may have altered cis-elements in and around the HTT gene, resulting in a higher rate of CAG-expansion. Chromosomes from Europe serve as the origin of HD
in several other populations including North and South America, South Africa and Australia through human migration.®

much higher in Whites than Blacks,*>*> presumably because of the
introduction of HD in South Africa and Mauritius from Europe.®4

Despite the similarities in clinical phenotype,?¢ the origin of the
majority of HD chromosomes in East Asia and Europe are different.
The prevalence of HD is 10-100-fold greater in Europe than in East
Asia, and the haplogroups that are closely associated with CAG
expansion in European populations (haplogroups Al and A2), are
found in up to 47% of a sample of the general population in Europe.?!
In contrast, these haplogroups are absent from populations of Chinese
or Japanese descent, and provide an explanation for why the HD
prevalence is low in East-Asian populations. However, there may be a
common origin of a subset of HD cases found on haplogroup C, as the

prevalence of HD was similar, although at a low level in both
populations. Overall, we find that CAG expansion at the HTT locus
occurs preferentially on specific haplogroups. The highest risk hap-
logroups are found in the European population, which presumably
emerged after the separation of European and Asian populations.
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