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Abstract. HD families in which late-onset occurs consistently
in affected members are rare. The objectives of this work was
to study such late-onset HD families encountered on Crete,
and to trace their genetic origin. Nine late-onset HD kindreds
(61 affected members) were studied along with two typical
HD families (17 affected members). We genotyped 33 late-
onset Cretan HD chromosomes, 9 Cretan typical HD chromo-
somes and 114 Cretan control chromosomes using 14 STR
markers and 20 SNPs that map to 4p16.3. In contrast to
the typical HD pedigrees, the late-onset HD families lacked
anticipation and juvenile cases. The expanded CAG repeat
(36-42 units) in these families remained either stable or it
showed small increment instability, even when transmitted
through the father. All late-onset HD chromosomes shared a
conserved haplotype defined by the markers D4S95: 1090,
D4S127: 157, 1rs362277: A, rs3025814: G, r$2530596: A that
span a 0.277-Mb segment on 4p16.3. Coalescence analysis
traced this haplotype to a founder who lived about 1000 years
ago. In contrast, each of the two typical HD disease pedigrees
derived from a different founder. Sequencing of a 5-kb DNA
segment immediately upstream of the HD gene revealed a
novel single nucleotide polymorphism at -1757 bp relative to
the translation start site, which was more prevalent in Cretan
than in North American chromosomes. All late-onset HD
families on Crete arose from a common founder with the
disease's mutation evolving over the centuries via small-
increment instability. These findings suggest that cis-acting
factors may be operational.

Introduction

Huntington's disease (HD) is an autosomal dominant neuro-
degenerative disorder with a worldwide prevalence of about 50-
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100 cases per million. The majority of HD patients experience
their first symptoms between 30 and 50 years of age (mean =
38-40 years), but age at onset can vary among members of the
same family with anticipation (onset of the disease at a younger
age in children of affected parents) occurring predominantly
on paternal transmissions (1,2). About 5-10% of HD cases are
juvenile. These often show a distinct phenotype and a more
severe clinical course than that of patients who experience
disease onset in their mid-adult life. Nearly 25% of HD cases
start after 50 years of age and only 3-5% after 60 years (3-7).

The disorder is caused by an expanded CAG repeat (>35
repeats) in the HD gene (within 4p16.3 region) that is unstable
and tends to increase in size during meiotic transmission.
The CAG repeat lies in the 5' end of the open reading frame
(first exon) of the HD gene, which is known to have 67 exons
and 66 introns (4-8). Observations on new (de novo) HD
cases revealed that the disease's allele has arisen from abrupt
expansion of parental mutable allele containing 27-35 CAG
repeats (intermediate alleles) (8-10). However, it is presently
unclear whether this constitutes the main process by which
the HD mutation originated in most of existing HD families.

Previous observations on various populations have
established that age at disease onset correlates inversely with
the size of the CAG repeat (5-7), but this correlation is weak
or absent for cases that start after 50 years of age (3). More
recent studies have estimated that the size of the expanded and
normal CAG repeats and their interaction can account for 68%
of the variance of age at onset seen in HD (11). There are also
indications that the unexplained variation in the age at onset is
heritable and may relate to polymorphism of other genes (12).

We have previously reported (13) a form of HD occurring
on the island of Crete that is characterized by disease onset
15-20 years later than that for typical HD. In these families,
onset of disease in late life is explained by the expansion of
the CAG repeat in the low pathological range (13). In addition,
the rather consistent occurrence of late-onset cases in these
families is explained by the observed intergenerational stability
of the CAG repeat.

Here we studied further HD among natives of Crete and
have identified additional late-onset HD kindreds as well as
families affected by typical HD (mid-life onset and unstable
expansion of the CAG repeat). The availability of a substantial
number of families with late-onset and typical HD disease
from a relatively small pool of people sharing a common
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Figure 1. Physical map of the HD gene region. The figure shows the 4p16.3 region of the human chromosome 4 as a long vertical bar, not in scale. The 14
microsatellite markers used in our analysis are placed along the chromosome with kb positions. To the left of this 4p16.3 region, a vertical bar shows the
location inside of the HD gene of the 15 SNPs studied. To the right of this 4p16.3 region, vertical bars indicate areas of the HD chromosomes shared by the
late-onset HD families (enclosed in a black box); those shared by the conventional form of HD are enclosed in a white box. As shown here, all late-onset HD
families that originated from a single village (BR1-BR6) display an extensive common haplotype flanked by polymorphic markers D4S3038 and ADRA2C,
which are 2.7 Mb apart. Those from other villages (AM, MA and PE) share a narrower DNA segment that contains the STR markers D4S95, D4S127 and the
intragenic SNPs rs362277, rs3025814, rs2530596 and that is flanked by the STR markers D4S95 and D4S3034, which are 0.336 Mb apart. D4S136 and
D4S182 are located in 4p16.3 region, but their precise position remains uncertain (National Center for Biotechnology Information).

genetic background and the same environment, offered us the
opportunity to trace the origin of the disease in this population.
Results are described below.

Materials and methods

Clinical studies. Family histories were collected for individuals
with dominantly inherited choreic disease and genealogical
trees were constructed. Affected family members and un-
affected relatives at risk were personally evaluated by us. In
addition to the traditional neurologic examination, detailed
evaluations of the eye movements and the mental status of
the patients were done. The latter included the quantitative
Mini-Mental State test. In several patients, brain CT scans
or MRIs were obtained. The clinical diagnosis of HD was
confirmed by two examiners (A.P. and M.T.). To establish
age at disease onset with a reasonable certainty, multiple
interviews were held with all available first-degree relatives
(spouse, children and siblings), preferably those who lived

with the patient at the time. Onset of the disease was generally
considered to be the time at which the characteristic choreic
movements first became noticeable. As with other HD studies,
difficulties determining age at disease onset were encountered
in a few cases in which the presenting symptom was personality
changes.

Determination of the (CAG)n repeat size, genotyping and
haplotyping. DNA was isolated from peripheral blood leuko-
cytes by standard techniques. Chromosomes were screened
for the HD mutation by PCR amplification as described
by Riess et al (14). We genotyped 33 individuals from the
late-onset families with a HD chromosome and 29 of their
relatives at risk without the HD mutation using the poly-
morphic markers described below. In addition, we genotyped
nine individuals with a HD chromosome, who were members
of two conventional HD kindreds from Crete. To identify
suitable markers for this analysis, we searched the available
databases (National Center for Biotechnology Information,
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Primer

Marker Forward Reverse Anneal. Product

(5'-3) (5'-3) temp. ("C)  size (bp)
D4S3038 GAAGACCAGCATTCGG GGTTTAATACACAGTAATTGTTCA 55 209-227
D4S43 CTTCCTTTTCTCTCTGGATGC ACATCACGCTTATCTTTGGGG 57 176-190
D4S136 CTGACTTGATCCAATCCAAAGGAAAG TTGAACCTAGTAGGCGGAAGTTGCAC 60 225-249
DA4S182 GGATCCAATCCAAAGGAAAGTTCC TTTTTCTCCCCCCATGACACCATG 58 114-138
D4S95 GCATAAAATGGGGATAACAGTAC GACATTGCTTTATAGCTGTGCCTCAGTTT 60 990-1600
D4S127 CCTCTGTTTGCAATCCATTT GTCCCTTGCATGCCCTGGCT 55 145-161
A2642 GCTGGGGAACAGCATCACACCC CCTGGAGTTGACTGGAGACGTG 58 109-112
D4S1337 ATGTGGCAGAAGTGCTCTTTGTG AACAACCAGCAGGTGACTATCAG 62 156*
D4S180 CACATCTTCCTGTTTCTTTGAACATC GAGAGACCCCAGAGTCCAGCAG 62 2122
D4S3034 CTGCCAATAAACTGGGT TTGCTCACCAAAGAGGTT 55 182-196
D4S126 GGATCCTGTCACTGTACTCCAGCC TGCTTAACCAGTTTGACCATGAGG 57 145-177
ADRA2C CGCTGCCTCCCTTCCACCTGTTG AGTGGGCAGGGCGGGGCAGGT 62 179-193
D452925 TCAGAAACCCCTACAGGAAA TTTGATGAGTTATTCGGAGG 55 151-155*
D4S431 AGGCATACTAGGCCGTATT TTCCCATCAGCGTCTTC 55 244-290

2STS markers not polymorphic in our control and patients samples.

Table II. Sequence of oligonucleotides used for SNP analysis.

Primer
Intragenic SNPs Forward (5'-3") Reverse (5'-3") Enzymes
rs2024115 AAGCCCCTGGAGTAAATCTT TGGAAGAGAAGGCTCCTATG Bsrl
rs1065745 TCATACACAGCACCAAGACC AAGGAAGATGGAATGCAGAC Bsl1I
rs3025852 TGAAACCCATAGAGGAGAAAA CCTCTCACCCAAAGAAAAAG Tsp451
rs3025843 TGAGTGACATGGGTTAGCTC AATATCTTGAACCGCACCTG Bfal
rs363099 CTAGATGAACTCAGCCCAGA ATTTTTCCAGTGCTGACAAC BsrBI
rs363126 AGCAGCACTTTCTTTGTTCA CTGCAGAGGCAATCTACTGA Hphl
rs363124 CTGCAGGGAGAAGACTTTTA TACCTGGTCTTGCTTCACTT Tsp451
rs362277 TATGCCCAGTGTAGAAAGCA GACACCATTCTGTGGATCTT Avrll
rs3025814 CTGCTCTTGTTGACATGTGG CACCTGCTATGTCCCAGAG Bsrl
rs82334 CTGAAAGCTCTCGACACCA GGAACCTGGTGTAATACCAAA Bsajl
rs82332 CACGTGTCTCTGGGACATAG ACTAGTTGCCTGCTCATTCC BSERI
rs110501 CCTCCCAAACCTACATTTTA CGTCAGCCTTCATTGCTAGA Tsp451
r$2530596 CTCATTCAGTCCCTGGCTAC CTAACTCAGCCTCCCCTGT Nspl
rs362310 GGAAAGTCAGAGCCTAAGCA CACATAGGGATGTTTGTGGA Hhal
rs2237008 ACTGAAGCGTGTTTCTTTCC CTCATCTCAGCTCCAAGAGG Hhal

and The Genome Database). Fourteen STR markers (D4S3038,
D4S43, D4S136, D4S182, D4S95, D4S127, A2642, D4S1337,
D4S180, D4S3034, D4S126, ADRA2C, D4S2925, D4S431)
were identified mapping to a 5.5-Mb region on 4p16.3 that
contains the HD mutation (Fig. 1). In addition 20 intragenic
SNPs identified through the National Center for Biotechnology
Information, the UCSC Genome Bioinformatics and the

Ensemble Genome Browser, were also used in the genotypic
analysis of our patient and control samples. Nine SNPs proved
not to be polymorphic in our control and patients sample and
were not pursued any further. The map order and distances
between the markers are shown in Fig. 1. For genotyping we
used PCR primers and conditions as described in Tables I-III.
For markers D45S43, D4S136, D4S182, D4S95, D4S127,
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Table III. Variation of intragenic SNPs in HD patients and their frequencies in Cretan controls.

SNP Position in Location in Change Late-onset Conventional Frequencies (%)
HD gene HD gene (kb) HD HD in Cretan controls
rs2024115 Intron 3 3141 C/T T T T:759 C:24.1
rs1065745 Exon 9 3159 C/T C C C:978 T:22
1rs363099 Intron n.p. A/G A A A:83.6 G:164
rs363124 Exon 39 3226 A/G A A A:873 G:12.7
rs362277 Intron 51 3255 G/A A G A:392 G:60.8
rs3025814 Intron 55 3261 C/IG G C G:648 C:352
rs82334 Intron 55 3262 A/C A A A:883 C:11.7
rs82332 Intron 55 3262 A/G A A A:893 G:10.7
rs110501 Intron 55 3262 AIG A A A:728 G:272
rs2530596 Intron 61 3273 A/G A G A:465 G:535
rs362310 Intron 64 3276 G/A G G G: 135 A:865
12237008 Exon 67 3281 G/A G G G:97 A:3

n.p., not placed according to Sanger Institute - Ensembl Genome Browser database. Nine additional SNPs mapping to these regions were also studied. These
did not prove to be polymorphic in our control and patient sample and were not pursued any further.

A2642, D4S180, D4S126 and ADRA2C, the PCR reaction
was performed in 25 ul using 20 ng DNA, 10 pmoles of each
primer (and one end-labeled primer with y-[3?P]JATP used at
150000 cpm/reaction), 250 uM of each dNTPs, 1.5 mM MgCl,,
1X AmpliTaq buffer and 1.25 units of Taqg DNA polymerase
(AmpliTaqg-Cetus). For markers D4S3038, D4S3034,
D4S1337, D4S2925 and D4S431, the PCR reaction was per-
formed in 10 ul using 20 ng DNA, 1 pmole of each primer
(and one 5' end-labelled primer with fluorescent dye IRD-800),
200 M of each dNTPs, 1.5 mM MgCl,, 1X AmpliTaq buffer
and 1 unit of Taq DNA polymerase (AmpliTaq-Cetus). The
radiolabeled PCR products were separated on 6% acrylamide
sequencing gels, except for the D4S95 marker, which was
analysed on 1.5% agarose gel. The IRD-800 labelled PCR
products were separated on LI-COR 4200 system (LI-COR,
Lincoln, NE). Proper Mendelian inheritance of each marker
was manually confirmed. STR markers D4S180, D4S2925
and D4S1337 were not polymorphic in our control and patient
DNA sample and were excluded from the construction of the
final haplotype.

For SNP genotyping, the PCR reaction was performed in
a volume of 20 p1 using 60 ng DNA, 10 pmoles of each primer,
200 uM of each dNTPs, 2-2.5 mM MgCl,, 1X AmpliTaq
buffer and 0.5 unit of Taq DNA polymerase (AmpliTaq-
Cetus). PCR conditions included an initial denaturation of
5 min at 94°C, followed by 30-35 cycles of 1 min at 94°C,
45 sec at 55°C and 1.5 min at 72°C and a final step of 10 min
at 72°C. PCR products of 200-400 bp in size, including the
SNP under study, were digested with the appropriate enzyme
supplied by New England Biolabs. Restriction digestions were
performed in a 15-ul reaction volume with the use of 10 ul
PCR product. Digested PCR products were electrophoresed
on 1.5% agarose gel. The position of SNPs within the HD
gene, the observed variance, primers and enzymes used in these
analyses are shown in Tables II and III.

Allelic association and linkage disequilibrium analysis.
Thirty-three late-onset HD chromosomes (7,) and 114 normal
chromosomes (n,) were studied. Allele frequencies for the
STR markers D4S3038, D4S43, D4S136, D4S182, D4S126,
D4S3034 and D4S431, which flank the conserved haplotype
of late-onset HD, were obtained directly by allele counting
for both HD and control chromosomes. Variances of the
frequencies were obtained with the formula: p(1-p)/n, where
p is the observed frequencies and # is the number of chromo-
somes studied. Statistical comparison of allele frequencies
between disease and control chromosomes was based on %2
and on two-tailed Fisher's exact test as appropriate. The
alleles were classified into two groups, one for the associated
allele and another for all other alleles combined. Since
multiple alleles were tested at each marker locus, a statistical
correlation for multiple tests was employed. A Bonferroni
correction was applied by multiplication of the nominal
significance level (p) by the number of alleles tested. Dif-
ferences were considered significant when the aforementioned
product was p<0.05.

The degree of LD, measured by J, between each marker
locus and the late-onset HD locus was assessed based on
the formula: 6=(p,-py)/(1-py), according to the method of
Bengtsson and Thomson (15), where p,, is the frequency of
the associated allele on disease chromosomes and p, the
frequency of the associated allele on normal chromosomes.
We assume that any differences in o represent effects of
recombination, although mutation at the marker can also
occur (16).

Recombination fraction (6). The recombination fraction (6)
between each of the associated alleles at the marker loci studied
and the disease locus was estimated using the Mapfun Program
of the Fastlink Software Package that converts genetic
distances to recombination fractions according to Haldane



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 17: 335-346, 2006 339

%ﬂ ggBAgc%ITl?o?wg Sequence of oligonucleotides used for amplification and sequencing of the 5 kb DNA segment upstream of the HD gene.

kY

Primer Product
Marker Forward Reverse Anneal. Size Position
(5'-3Y) (5'-3") temp. (°C)  (bp)  (+1 translation start)
HDO CCGCCTCGCCGCGACACT CTGGAAGGACTTGAGGGACTCGA 61 452 +54 t0 -398
HD1 TGCTTCTCGCTGCACTAATC GTTCTGCCTCACACAGCAAG 56 968 -297 to -1264
HD2 GCCATCTTATGAGTCTGCCCACTG  GCCCCCCATCGG TCCCAGCG 71-65 1142 -1151 to -2292
AGGTAACTAACAAC
HD3 GGAACAAATCACCCC AGCAC AAAATTAAGTTCCAGCGAGGTG 58-56 944 -1883 to -2826
HD4 ATGGGTTG GAATAATTTGGTTTG GCGAGAAGTGGAGCTGGTTAAG 56 995 -2683 to -3677
HD5 GAGAGGGTTTCATCTTGTTGGTC ACTGTGTGCAGTTGTCATTCCAG 58 805 -3546 to -4350
HD6 CCCTAGAACCTAAGGAAACAGG CACCATGTAGACCCTGATAACG 58 1000 -4168 to -5167
HD7 TAAAACACATGGCAATAATACCC AAAAGAAGGAAACCCTGACG 51 975 -4874 to -5848
Map Function. The Genetic distances for the polymorphic [pp (1-pp)] [Py (1-p)]
markers analysed were estimated on the basis of their known ~ Where p=—"—— and oy=——

physical distances (available from National Center for Bio-
technology Information) using the conversion factor 1.6 cM/
1 Mb. This factor was obtained on the basis of six genetic
markers (D4S43, D4S95, D4S127, D4S180, D4S125 and
D4S126 spanning the region of interest), for which both genetic
distances compilied by Lonjou ez al (17) and physical distances
are known. For each marker, we calculated a cM:Mb ratio
and the average value (1.6:1) was used to convert physical
distances (in Mb) to genetic distances (in cM). The segment
of the HD chromosome containing the conserved haplotype
(D4S95: 2996 kb to SNP 1s2530596: 3273 kb, approximately,
from the telomeric end of 4p arm) of late-onset HD chromo-
some was considered a single locus bearing the disease
mutation. The middle of this segment (3135 kb) served as the
reference point for estimating the physical distance between
each marker and the disease locus.

Age estimation. To estimate the number of generations (G) to
the most recent common ancestor of the late-onset HD, we
used the extent of linkage disequilibrium between flanking
polymorphic marker loci and the disease locus in order to study
the decay of LD over time. This method, originally described
by Risch ez al (18), employs the formula: G=Ind/In(1-6), where
6 is the recombination fraction between disease locus and the
marker analyzed, and ¢ is the degree of linkage disequilibrium
(LD) at loci flanking the conserved core markers. As described
above, 0 was assessed based on the formula: 6=(p,-py)/(1-py),
where p,, is the frequency of the associated allele on disease
chromosome and p,, the frequency of the same allele on normal
chromosomes. A confidence interval for § was calculated under
the assumption of independence for the sample chromo-
somes. Since 0=1-(1-p,)/(1-py) is the function of the ratio of
two independent random variables, the variance of ¢ was
approximated by the formula:

2
o pD

Var(é) = OZpN [OZpD + (]_pD)Z] +

(I-py)?! (I-pyP

np ny

A 90% confidence interval for 6 was obtained as dx1.640;,
where o,’=Var(é). A 90% confidence interval for G was
calculated by the use of the formula given above for the
confidence interval for 6.

Analysis of a 5' end segment of the HD gene and upstream
sequences. To see whether changes in the CAG repeat were
present in the late-onset HD cases a 696-bp segment of the 5'
end of the HD gene containing the CAG repeat was amplified
using the PCR primers 5'-CCAAACTCACGGTCGGTGCA
GCGGCTCCTCAG-3' (antisense) and 5'-ACACTTCACAC
ACAGCTTCG-3' (sense). Amplified PCR products were sub-
cloned in a TA plasmid vector (Invitrogen TA cloning Kits)
and used for sequencing using standard methods. In addition,
to search for possible cis-acting elements that could influence
CAG stability we sequenced a 5.5-kb DNA segment on 4p16.3
that extends immediately upstream from the translation start
site (+1) of the HD gene. Sixteen primers were used to amplify
eight consecutive overlapping DNA segments that extended
from postition +54 to position -5515 relative to the translation
start site +1 of the HD gene: primer sequences as well as
the length and the positions of the eight DNA segments are
presented in Table IV. Amplified segments were sequenced
using the same sets of primers. The extended products were
visualized on an ABI 3100 Genetic Analyzer and the results
were compared to the available sequence in the database
using blast software. Fifty to 100 control chromosomes were
analysed for the three single nucleotide alterations identified.
The presence of a G~A change at position -1757 was tested
by digesting the 1083 bp PCR product for 50 DNA control
samples with Pvull at 37°C. DNA samples that were homo-
zygous for the G-A change were digested to three bands
of 533, 350 and 255 bp, whereas the heterozygous and the
homozygous for the reported nucleotide were digested to 790,
533, 350, 255 bp and 790, 350 bp respectively. The insertion
of cytosine (C base) between positions -662 and -663 was
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Figure 2. Pedigree of the newly identified family (MA) affected by late-onset HD, circles denote females; squares denote males and filled symbols indicate
family members affected by Huntington's disease. A diagonal line through a symbol indicates that the individual is deceased. A dot at the right upper corner of
the symbol indicates HD patients personally evaluated. Number typed in bolt below the symbols show the number of (CAG)n repeats. The first number in
parentheses represents age at disease onset and the second number current age or age at death. If only one number is shown, this represents current age or age
at death. For reasons of confidentiality, individuals of fourth generation are indicated by diamonds.

Table V. Age at disease onset for parent/offspring pairs in late-
onset HD kindreds.

Mean age  No. withage  No. with age

at onset at onset at onset

+ SEM =50 years (%) =60 years (%)
Parent (n=39) 55.8+7.03 29/31 (94) 14/31 (45)
Offspring (n=39) 54.8+8.46 31/39 (80) 14/39 (36)
Change: parent-child 0.97+6.67
Mother (n=18) 56.7+5.06 13/14 (93) 5/14 (36)
Offspring (n=18) 55.9+6.78 15/18 (83) 6/18 (33)
Change: parent-child 0.83+7.94
Father (n=21) 55.0+8.71 11/13 (85) 7/13 (54)
Offspring (n=21) 53.9+9.9 15/21 (71) 8/21 (38)
Change: parent-child  1.1+5.14

tested by digesting the 927 bp PCR product with the BsrBI
restriction enzyme. Homozygous control subjects for the
C-insertion were digested to 382, 336 ad 219 bp. The presence
of the A~C change at position -694 bp and the four poly-
morphic sites of the HD gene promoter region were tested by
sequencing the two PCR products containing the alterations
using the same set of primers and were visualized on a 3100
ABI Genetic Analyzer.

Results

Late-onset HD pedigrees. We studied nine kindreds with late-
onset HD. Six of these families (kindreds BR1-6) originated
from a single village located in the northeaster part of the
island. Two families (kindreds AM and MA) were from two
different villages, also located in the northeastern part of Crete
and the last (kindred PE) was from a village in the south part

42 ]
41 |

30| [

37
36
35 |
34

CAG REPEATS

0 2 4 6 8 10 12
No of chromosomes

Figure 3. Distribution of the CAG repeats in HD chromosomes and normal
chromosomes of late-onset HD patients. “Derived from contraction of a 36
repeat allele (see pedigree on Fig. 2). **Normal’ allele of a HD patient with a
disease allele of 41 CAG repeats. Dark colour bars represent the number of
normal chromosomes whereas light colour bars represent HD chromosomes.

of the Heraklion Prefecture. Families BR1-6 and AM were
reported previously (13), whereas kindreds MA (Fig. 2) and
PE are new.

The nine late-onset families encompassed 438 family
members, 61 of which were affected by HD. The mean age of
disease onset was 56.1+£10.2 years. Over 80% and 40% of HD
patients experienced their first symptoms after 50 and 60
years of age, respectively. Clinical data from 39 parent-child
transmissions of HD studied revealed that age at disease
onset in the parent and in the offspring were very similar.
This was true for both paternal and maternal transmissions



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 17: 335-346, 2006 341

B2 SPANDIDOS 43 Table VI. Meiotic transmission of the expanded CAG repeat.

E) PUBLICATIONS

Number of CAG repeats

100

Age at onset

Figure 4. Comparison of CAG repeats size and age at onset in patients with
the late-onset form of HD from Crete. Number in parentheses represents the
number of HD patients with the same age at disease onset and the same
number of CAG repeats.

(Table V). Presently, 46 family members affected by HD are
dead. Many of whom succumbed to their disease in the 12-14
years while on follow-up by us. Their average age at death
was 68.0+10.5 years.

The size of the expanded CAG repeat (Fig. 3) in late-onset
HD chromosomes (n=35) ranged from 36 to 42 repeats (with
more than 2/3 of these alleles having =40 CAG repeats) and
correlated inversely (r=0.74) with age at onset (Fig. 4). Two
individuals at risk for HD in the late-onset pedigree MA
inherited 34 repeat alleles that resulted from contraction of
36 alleles (Fig. 3). The length of the normal alleles in subjects
with one HD chromosome ranged from 15 to 25 repeats (mean:
19 repeats). A HD patient with a CAG repeat of 41 trinucleotide
units had a ‘normal’ allele in the intermediate range (35 CAG
repeats).

Fourteen meiotic transmissions of the CAG repeat (nine
paternal and five maternal) were studied. Twelve of these
involved transmission of the expanded CAG repeat to presently
asymptomatic children of HD patients and two to offspring
affected by HD. Results revealed that the repeat was passed

A. Late-onset HD families Paternal Maternal Total
Same size (CAG)n 6 8
Contraction by 1 repeat 1 3
Contraction by 2 repeats - 1
Expansion by 1 repeat 1 - 1
Expansion by 2 repeats 1 - 1
Total 9 5 14
B. Conventional HD families Paternal Maternal Total
Expansion by 3 repeats 1 - 1
Expansion by 13 repeats 1 - 1
Total 2 2

unaltered in 8 out of 14 transmissions (57%) and it changed
slightly (by 1 or 2 repeats) in the remaining 6 (43%) (Table VI).

Conventional HD pedigrees. Two Cretan pedigrees (AX and
KO) affected by conventional HD were studied. The average
age at disease onset was 43.5 years in the AX kindred and
35.3 years in KO kindred. Anticipation was evident in both
of these families with two juvenile HD cases occurring in the
AX kindred and one in the KO kindred. DNA analysis showed
expansion of the CAG repeat in the range of 37-54 repeats
(mean 42). In two meiotic transmissions studied, the CAG
expanded in the one by 3 repeats and in the second by 13
repeats (Table VI), with the latter expansion found in a
juvenile HD case. Hence, these clinical and molecular genetic
data for conventional HD on Crete are quite similar to those
reported worldwide and clearly differentiate the late-onset
form of the disorder from typical HD.

Late-onset HD families
Microsatellite

Conventional HD families

Markers and
intragenic SNPs

BR1 BR2 BR3 BR4 BR6 BRS

D4S3038 221 17221 | 1221 221} 2217} 1221
D4843 178 {178 | 178 i (178 | 1178 | 178
D48136 235 11235 : 1235 | 1235 ! 1235 : {235
D48182 126 (126 : 1126 : 126 | 126 : 126

D4895 1090 1090 1090, |1090| (1090 1090
D48127 157 ||187 | (157 | (157 | |157 | |157

rs362277 A A A A A A
rs3025814 |G G G G G G
220642 112|112 | 112 | (112 | {112 | 112
rs2530596 |A A A A A A

D483034 (188 ||188 | 188 | {188 ; {188 | 188
D48126 (169 {1169 | 169 | 169 | 1169 | 1169
ADRA2C (183 {i183 | {183 | 183 | 1183 | 183 |

D4s431 262 252 256 250 250 256

MA AM PE AX KO
221 209 221 219
176 182 180 182
233 233 233 233
126 122 122 124
1090 1090 1080 1090
157 187 159 159/154

A G G/A

G CciG ¢
112 112 109 112

A GA G
188 190 190 190
169 165 169 161
183 183 183 181
254 254 250 254

Figure 5. Haplotypes of late-onset and conventional HD families from Crete. The subgroup of the BR1-BR6 late-onset HD families, which originated from a
single village share an extensive haplotype enclosed by doted line boxes based on STS and SNP that span a 0.277 Mb segment on 4p16.3. A more narrow
chromosomal area containing the STS markers D4S95, D4S127 and the intragenic SNPs rs362277, rs3025814, rs2530596, is shared by all nine late-onset HD
families (solid line boxes). In contrast, the two families with conventional HD (AX and KO) share a distinct haplotype (enclosed in solid line boxes). STS

markers and SNPs are listed from telomere (top) to centromere (bottom).
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Table VII. Allele-frequencies for HD (late-onset and typical chromosomes) and for normal chromosomes.

Marker/alleles Control Normal chromo- Late-onset HD A (90% CI) Typical HD 6 (90% CI)
chromosomes somes of late-onset chromosomes chromosomes
(n=114) HD patients and (n=33) (n=9)
their relatives (n=80)
Frequency Frequency Frequency Frequency

D4S43 190 0.009 0 0 0

188 0.017 0 0 0

186 0.149 0.175 0.182 0

184 0.035 0.0875 0 0

182 0.395 04125 0.091 0.445

180 0.342 0.1625 0 0.555

178 0 0.0375 0.636* 0.636 (0.498-0.774) 0

176 0.053 0.1125 0.091 0

174 0 0.0125 0 0
D4S136 255 0 0.0123 0 0

249 0.017 0 0 0

247 0 0 0 0

243 0 0.0123 0 0

241 0.009 0 0 0

239 0.009 0 0 0

237 0.079 0.062 0 0

235 0.377 0.160 0.636* 0.416 0

233 0.394 0.629 0.364 1

229 0.009 0 0 0

227 0.053 0 0 0

225 0.053 0.074 0 0

223 0 0.0247 0 0
D4S182 138 0.009 0 0 0

136 0.009 0.0125 0 0

132 0.009 0 0 0

130 0.018 0 0 0

128 0.018 0.0375 0 0

126 0.116 0.1 0.727* 0.691 0

124 0.446 0.45 0.182 0.445* 043

122 0.241 0.325 0.091 0.555

120 0.027 0.025 0 0

118 0.062 0.025 0 0

116 0.027 0.025 0 0

114 0.018 0 0 0
D4S126 177 0 0 0 0

175 0.009 0 0 0

173 0.018 0.0617 0 0

171 0.158 0.1728 0 0

169 0.131 0.185 0.727* 0.686 (0.541-0.831) 0.555* 0.488

167 0.140 0.098 0 0

165 0.219 0.247 0.091 0

163 0.193 0.185 0 0

161 0.096 0.05 0.182 0.445

159 0.009 0 0 0

155 0 0 0 0

153 0.018 0 0 0

145 0.009 0 0 0
D4S431 268 0.009 0 0 0

266 0.019 0 0 0

264 0.047 0.074 0 0

262 0.009 0.0247 0.1522 0.144 (0.04-0.248) 0

260 0.028 0 0 0.112

258 0.188 0.16 0 0

256 0.207 0.111 0.394 0

254 0.264 0.26 0.182 0.444

252 0.113 0.123 0.182 0

250 0.094 0.136 0.09 0.4442 0.49

248 0.009 0.037 0 0

244 0.009 0.0246 0 0

Allele-frequency estimates for mutation bearing and control chromosomes for the five markers that flank the conserved haplotype for both late-onset and
conventional HD. ®p<0.001 (%?). Numbers in parenthesis are the lower and upper bounds of the 90% confidence interval for ¢.
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P

Distance from late-onset HD locus

Marker/ Megabases Centimorgans 0 LDP Estimated age®-G Mean age + SD
alleles o (90% CI1)¢ (90% C1)¢
D4S43 0.800 1.28 0.0126 0.636 29
178 (17-45) 31x2.1
D4S126 0.725 1.16 00115 0.686 33 (29-35)
169 (16-55)
D4S431 3.540 5.664 0.0535 0.144 32
262 (23-53)

Estimated on the basis of physical distance (in Mb) by use of the conversion factor 1.6 cM/Mb and Haldane's map function. Factor 1.6 was estimated on the
basis of 7 genetic markers (D4S43, D4S182, D4S95, D4S127, D4S180, D4S125, and D4S126), spanning the region of interest, for which both physical and
genetic distances are available. We did not use the STR markers D4S136 and D4S182 as they are not accurately placed in 4p16.3 according to the most
current physical map (National Center for Biotechnology Information). *Calculated according to the method of Bengtsson and Thomson (15): 6=(p,-py)/(1-py)-
°G is the age calculated by use of equation G=Ind/(In(1-6) [Risch er al (18)]. “An approximate CI for G was calculated with the above formula when the
minimum CI for 6 was used. Numbers in parenthesis indicate a 90% confidence interval for G.

Haplotype analysis. All 33 late-onset HD chromosomes shared
a highly conserved haplotype defined by STR markers D4S95:
1090, D4S127: 157 and intragenic SNPs 362277: A, 3025814:
G, 2530596: A, which span a 0.277-Mb on 4p16.3. This
segment is flanked by the STR markers D4S95 and D4S3034
that are 0.336 Mb apart (Fig. 1). As shown in Fig. 1, the late-
onset HD chromosomes of kindreds BR1-BR6 (derived from
a single village) shared a wider chromosomal region, spanning
2.7 Mb between markers D4S3038 and ADRA2C.

In contrast to the late-onset kindreds, each of the two
conventional HD families showed its own distinct haplotype
(Figs. 1 and 5). The AX pedigree haplotype was defined by the
markers D4S95: 1090, D4S127: 159, rs362277: G, rs3025814:
C/G, A2642: 109, rs2530596: G/A and the KO pedigree by
D4595: 1090, D4S127: 159/155, 1s362277: G/A, rs3025814: C,
A2642: 112,1s2530596: G (Fig. 5).

Linkage disequilibrium analysis and age estimation. Table VII
shows the allele frequencies for five STR markers flanking
the conserved haplotype for the late-onset HD chromosomes
(n=33), for the normal chromosomes of patients with late-onset
HD and their relatives (n=80) and for control chromosomes
(n=114), sampled at random from the Cretan population. A
single allele for each marker locus tested was associated with
the disease; it was found to be in striking excess among the
late-onset HD chromosomes, as compared to the two groups
of normal chromosomes (D4S43, allele 178, corrected p<0.001;
D4S136, allele 235, p<0.008; D4S182, allele 126, p<0.001;
D4S126, allele 169, p<0.001; D4S3034, allele 188, p=0.038
and D4S431, allele 262, p<0.009). The ¢ values obtained are
shown in Table VII. The extent of LD for the polymorphic
markers D4S43, D4S126 and D4S431, which are accurately
placed on physical maps (National Center of Biotechnology
Information-August 2003), were used to estimate the genera-
tions to the most recent common ancestor for late-onset HD.
Table VIII shows the ¢ values and the recombination fractions
used to calculate the number of generations (G) to the most

ACGT

Figure 6. The CAG repeat of the late-onset HD chromosomes. TA vector
clones containing part of the first exon of the HD chromosome were
sequenced. A, Late-onset HD chromosome from BR1 family containing 38
CAG repeats. B, Late-onset HD chromosomes from the AM family containing
40 CAG repeats. As shown here, the (CAG)n repeat is not interrupted. Also the
sequenced region of the 5' end of the HD gene (from -109 bp to +587 bp) that
flanks the CAG shows no DNA alterations compared to published data (3).
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1,2 1,2,3
? 4\ f- co;ies copies G/A C4T
. HD gene
P,”b"s“ed 1757 694 -662 (-292 to -287) (-213to -174) -148 -103 /CI
5’upstream 6 bp strech 20 bp repeat ATGGCGACCCTG...
Sequences +1 Transl. start site
=74% C insC 1 copy=98% 2 copies=89% G=94% C =98%
- ins jes=29 ies= =6Y =29
Control Cretan 6{26% 2 coples$2 % 3 copl;s 11% »}6 % x 2%
Chromosomes HD gene
-1757 -694 -662 (-292 to -287) (-213 to -174) -148 -103
6 bp strech 20 bp repeat
Late -Onset HD . .
Chromosomes ; C insC 1 cc;py 2 co;les G (;
(All nine HD gene
famili -1757 -694 -662 (-292 to -287) (-213 to -174) -148 -103
amilies) 6 bp strech 20 bp repeat
Typical HD A C insC 1 copy 2 copies G C
Chromosomes _ 4 4 4 4 4 HD gene
(Family AX) 1757 -694 -662 (-292 to -287) (-213to -174) -148 -103 g
6 bp strech 20 bp repeat
) A C insC 1cop 2 copies G T
o ones ¥ LS Ty
Chromosomes gene
. - -694 -662 -292 to -287) (-213to -174) -148 -103
(Family KO) 1757 694 -66 ( o -287) ( 0 -174)

6 bp strech 20 bp repeat

Figure 7. Haplotypes of 5' upstream HD gene sequences. In addition to previously described rare polymorphisms at positions -103, -148, -213 to -174 and -292
to -287, an SNP (G-A) was detected at position -1757. This was present in 74% of control chromosomes from Crete and in 52% of North American control
chormosomes. Also, our sequence data differ from those previously described in that an A~C change was present at position -694 and an insertion of C
between -662 and -663. These two latter changes were present in all 28 control chromosomes studied from North American subjects of European origin.

recent common ancestor for late-onset HD, as well as a
minimum and a maximum confidence interval for G. The age
estimates, obtained with the use of the three STR markers,
were quite consistent, with the mean value being 31.0+2.1
generations (90% confidence interval: 29-35 generations).

The CAG repeat is not interrupted in late-onset HD. There is
evidence that interruption of the CAG repeat in the SCA1 gene
(19) and of the AGG repeat in the FMR1 gene (20) confers
stability to the repeat. To see whether changes in the CAG
repeat were present in our patients with late-onset HD, we
sequenced a 5' end segment of the HD gene in these patients.
Results showed that the elongated CAG repeat was uninter-
rupted (Fig. 6). Also none of these patients had the CAA-
CAG mutation for the penultimate glutamine (19).

DNA polymorphisms of the 5' upstream sequences. Analysis
of 5' upstream sequences (from position +54 to -5515 relative
to the translation start site +1) of the HD gene, revealed the
four known rare polymorphisms in the promoter region (Fig. 7)
(21). These involved single base pair substitutions at positions
-103 (C~T) and -148 (G~A), a 6-bp stretch repetition at
position -292 to -287, and a 20-bp direct repeat element at
position -213 to -174. In addition, we found a new single
nucleotide polymorphism at position -1757 (G~A). This was
present in all of the HD chromosomes we studied (late-onset
and typical pedigrees). The G-A change at position -1757
was found in 74% of control chromosomes from Crete (n=206)
and in 52% of chromosomes of North American subjects of
European origin (n=118) (p<0.001) (Fig. 4). All HD chromo-
somes from all the nine late-onset HD families and from the
typical HD kindred AX showed the same haplotype: -103: C,
-148: G, 20 bp repeat (-213 to -174): 2 copies, 6 bp repeat
(-292 to -287): 1 copy, -1757: A. In contrast, the typical HD

family KO, had a T instead of C at position -103. This was
present in only 2% of the control chromosomes from Crete
(Fig. 7).

In addition, comparison of our sequence data with those
previously reported in the databank revealed two single
nucleotide changes consisting of an A~C change at position
-694 and an insertion of C between -662 and -663 (always
relatively to the translation starting site +1). These were present
in all control and HD chromosomes from Crete and in all
28 chromosomes of North American subjects of European
extraction studied. Hence, they should represent sequencing
errors present in the data bank.

Discussion

On the island of Crete, we have observed that late-onset HD
kindreds are more common than those affected by the typical
(mid-life onset) form of the disorder. Our sample is quite
representative of the disease on the island, as the University
Hospital of Crete is a neurology reference center that draws
patients from the entire island. Natives of Crete have a life
expectancy similar (or even higher than) to that of other
Western countries, maintain strong family ties and show low
migration rates. This permitted us to obtain accurate genea-
logical information for each HD proband and to trace the
disorder in their families.

Clinical data on 39 parent-child pairs (father: 21 mother:
18) from late-onset HD families revealed no significant
differences with respect to the age at disease onset. None of
these transmissions resulted in young-onset HD cases, regard-
less as to whether the disorder was inherited through the father
or the mother. In addition, the study of 12 meiotic transmissions
of the elongated CAG repeat to presently asymptomatic family
members did not show expansions that could predict the
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P PUBLICATIONS yhers with a HD chromosome were adults in their

repeats (alleles of this size were found in the ‘normal’ chromo-
somes of Cretan HD cases), this gradual process is likely to

30s to 50s. The present results (based on 51 HD transmission
in total) contrast those derived from studies on conventional
HD families showing the frequent instability of the CAG repeat
particularly when inherited from the father (5,7). Snell et al
(5) have reported a mean difference of 9.11 years for paternal
transmissions of HD. Lack of anticipation in our late-onset
HD kindreds can be explained by the propensity of the CAG
repeat to retain its length or to change only slightly (by one
or two CAG repeats) in its passage through successive
generations.

Haplotypic analyses, using several polymorphic markers
on 4pl16.3, revealed that all late-onset HD families shared a
highly conserved haplotype defined by the STR markers and
SNPs (D4S95: 1090, D4S127: 157, rs362277: A, rs3025814:
G, r52530596: A) that span a 0.277-Mb segment on 4p16.3.
In contrast, each of the two conventional HD families of
Crete studied showed its own distinct haplotype suggesting
two different founders. Interestingly, A2642 an intragenic
marker present in 2% of controls from Crete was present in
the AX (but not in the KO) typical HD family. The converse
was true for the rare promoter region polymorphism at position
-103 (C-T), which was present in the KO (but not in the AX)
typical HD pedigree. This polymorphism was present in 2%
of the controls from Crete.

Coalescence analysis for late-onset HD suggested a co-
alescence time of 31.0+2.1 generations ago (90% confidence
interval = 29-35 generations). If we assume that a generation
comprises 25 years, the coalescence time for the mutation
of late-onset HD was 875 years ago or c. 1100 AD. This
corresponds to the late Byzantine or early Venetian period on
Crete. Given the dynamic nature of the HD mutation, our age
estimation cannot determine when the HD mutation occurred,
i.e. when the CAG repeat expanded from a normal to a patho-
logical size. Instead, it estimates when the founder acquired
in his/her HD chromosome DNA sequences that led to the
late-onset HD. The linkage disequilibrium, found between
several DNA markers located on 4p16.3 and the disease locus,
is clearly not due to stratification that can occur in genetic
isolates, as the normal chromosomes of the late-onset HD
cases showed allele frequencies similar to those of the general
population of Crete.

Although we found no significant differences between
parent-child pairs in late-onset HD with respect to the age at
onset, there was a slight trend toward earlier onset in the off-
spring than in the parent (mean change: 1.0 year, Table V). If
indeed each successive generation developed the disease one
year earlier, it is possible that it took over 30 generations (as
suggested by the coalescence analysis) for the age of onset to
be lowered to the present 56 years. As such, at the time of the
origin of the disease-associated haplotype (about 30 generations
ago), the founder would be expected to show his/her first
symptoms at a very old age (8th-9th decade of life), should
he/she have lived that long.

These observations suggest that the genesis of the HD
mutation in late-onset HD proceeded via small-increment
expansion of the CAG repeat, probably occurring over many
generations. Should this mutation have arisen from elongation
of normal mutable intermediate alleles containing 25-35 CAG

generate alleles in the low pathological range (just above the
threshold for disease expression) thus resulting in elderly HD
founders. However, if this is the prevailing mode of genesis
of the HD mutation, why are late-onset HD pedigrees not
prevalent? One possible explanation is that the late-onset-HD
mutation in the population of Crete is a relatively recent event
and that the occurrence of both typical and late-onset HD in
this population may represent different stages of disease
evolution.

In contrast to the above gradual model of HD mutation
genesis, all new (de novo) HD cases reported in the literature
(8-10,23-27) have been related to large-scale expansion of
parental intermediate alleles (27-35 repeats). Specifically, in
37 new (sporadic) HD cases described (4,9,23-27), the mutated
parental intermediate allele increased by 4-30 trinucleotide
units, generating pathological alleles of 41-66 repeats. The
mean age at disease onset for these de novo HD cases was
33+16 years (9,23,24) which is somewhat lower than that for
familial HD cases. The propensity of intermediate alleles of
parents of de novo HD to undergo large expansions during
meiotic transmission is further evidenced by the increased
recurrent risk for the offspring of the parent with the mutated
allele (9,16,22,23-27). In addition, the newly expanded
CAG repeat remains unstable during its transmission to the
succeeding generation (7,11). On the other hand, intermediate
alleles found in collateral branches of de novo HD families,
are mostly stable during meiotic transmission or show small-
increment instability (9,22-27).

At present, the molecular mechanisms that render the
CAG repeat unstable in HD remain unclear. Goldberg et al
(28), produced transgenic mice containing a full length
human HD c¢cDNA and found that the CAG repeat remained
remarkably stable through 97 meioses, thus suggesting that
genomic sequences outside the HD gene are responsible for
the instability of the repeat in HD. More direct evidence
implicating cis-acting elements in the CAG repeat instability
that occurs in Kennedy syndrome have been obtained by La
Spada et al (29) who reported that integration of a 70-kb
segment of the human androgen receptor (AR) locus in mice
led to an unstable transgenic line, whereas the integration of
the AR gene without the flanking sequences produced stable
transgenic lines. Also Libby er al (30) have suggested that a
particular sequence motif in close proximity to the gene
responsible for SCA-7 influences repeat instability at this
locus. La Spada et al (31) have identified a 50-kb DNA region
upstream of the fragile X gene (FRAXA) that appeared to be
involved in FRAXA allele instability.

Our observations, showing that all late-onset HD families
(unlike the typical HD kindreds) derived from the same
ancestor, suggest that this form of HD is genetically determined
via cis-acting elements. In search of cis-acting elements, we
analyzed 5' upstream sequences in Cretan chromosomes and
found, in addition to the four known rare polymorphisms in
the promoter region of the HD gene (21), three new single
nucleotide changes compared to sequences available in the
databanks. Two of these changes (an A~C change at position
-694 and an insertion of C between -662 and -663 relatively
to the translation starting site +1) were sequence error as they
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were present in all normal DNA samples from Crete as well
as in all 28 North American chromosomes studied. Substitution
of G for A at position -1757 was present in 74% of Cretan
Controls and in 52% of North American subjects studied and
in all HD chromosomes from Crete. As late-onset and typical
(AX family) HD chromosomes showed the same haplotype
(present in 71% of controls), these changes may not play a
role in the CAG stability of the late-onset HD. However, we
cannot exclude the possibility of cis-acting elements located
at greater distances from the HD gene as shown for Kennedy
syndrome and FRAXA (31).

In summary, in this small population sharing a common
genetic background, late-onset HD kindreds are more prevalent
than those with the typical, mid-life onset HD. Haplotypic
analyses suggested that all late-onset HD cases derived from
a single ancestor who lived about 1000 years ago. These
findings suggest that late-onset HD is genetically determined
and that the disease mutation evolved over the centuries via
small increment instability.
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