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Chapter 3
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ABSTRACT

Objective: Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a CAG
repeat expansion in the HD gene (H7T). We aimed to assess whether interaction between CAG repeat sizes in
the mutant and normal allele could affect disease severity and progression. Methods: Using linear regression
and mixed-effects models, the influence of mutant and normal CAG repeat sizes interaction was assessed on:
(1) age of onset in 921 HD patients, (2) clinical severity and progression in 512 of these patients with follow-
up data available, and (3) basal ganglia volume on magnetic resonance images in 16 premanifest HD mutation
carriers. Results: Normal and mutant CAG repeat sizes interacted to influence: (1) age of onset (p=0.001),
(2) severity or progression of motor, cognitive and functional, but not behavioral, symptoms in HD patients
(all p<0.05), and (3) in premanifest subjects, basal ganglia volumes (p<0.05). In subjects with mutant CAG
expansions in the low range, increasing size of the normal repeat correlated with more severe symptoms and
pathology, whereas for those subjects with expansions in the high range, increasing size of the normal repeat
correlated with less severe symptoms and pathology. Conclusions: Increasing CAG repeat size in normal HTT
diminishes the association between mutant CAG repeat size and disease severity and progression in HD. The
underlying mechanism may involve interaction of the polyglutamine domains of normal and mutant huntingtin
(fragments) and needs further elucidation. These findings may have predictive value and are essential for the
design and interpretation of future therapeutic trials.
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untington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by a CAG repeat
Hexpansion in exon 1 of the HTT gene, resulting in a long polyglutamine tract in the N-terminus of the
encoded protein huntingtin.! The disease is characterized by motor impairment, cognitive deterioration and
behavioral disturbances.? The size of the CAG repeat sequence in the mutant allele is inversely related to age
of onset, accounting for up to 73% of the variance.’ Moreover, larger mutant CAG repeat sizes correlate with
an increased rate of deterioration on motor, cognitive and functional domains as well as weight loss, whereas

behavioral symptoms appear not to be related to repeat size.**

It has been suggested that the polyglutamine stretch in normal huntingtin could bind to the expanded
polyglutamine stretch, and thereby modulate the effects of mutant huntingtin or result in loss of function of
the normal protein.”” Indeed, interaction between CAG repeat sizes in the mutant and normal allele is reported
to influence age of onset, with larger sizes of the normal repeat being associated with a delayed age of onset
in persons having large mutant CAG repeat sizes.'""* However, it is not known whether interaction between
mutant and normal huntingtin could also influence clinical signs and progression of the disease in HD patients,

or affect indices of immanent phenoconversion in premanifest HD mutation carriers.

Therefore, this study was undertaken to test the hypothesis that CAG repeat sizes in the mutant and normal
allele interact to influence not only age of onset, but also clinical severity and progression in HD patients, as

well as brain pathology in premanifest HD mutation carriers.

METHODS

HD patients

We used monitored data from the European Huntington Disease Network (EHDN) Registry study collected
prior to December 31 2007. Registry — a multi-centre, prospective, observational study — is EHDN’s core
study. It was established in 2004 to collect phenotypical data and biomaterials from a large group of HD
patients. The study aims to enlist one third of the European HD population by 2010. More information about
the Registry cohort can be found at ‘http://www.euro-hd.net/html/registry’. In order to assess interactive effects
of mutant and normal CAG repeat sizes on age of onset, we included all Registry participants with a clinical
diagnosis of HD whose ages of onset and CAG repeat numbers in both alleles (mutant allele > 36 repeats) were
available (n=921). To assess the effects on clinical severity and disease progression, only those patients with
two or more measurement occasions were included (n=512). The clinical characteristics of all HD patients are

summarized in Table 1.
Clinical evaluations

Demographic data included age, gender and age of onset. Age of onset was defined as the age at which,
according to the rater, the first motor, cognitive or behavioral signs of HD appeared. Visit data were collected
annually (+/- 3 months). Clinical severity was assessed using the Unified Huntington Disease Rating Scale

(UHDRS), and was recorded at all visits.'*'® In addition, body weight was recorded at every visit.
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Premanifest HD mutation carriers

Sixteen premanifest subjects were included whose characteristics are summarized in Table
1. Premanifest status was defined as the absence of unequivocal HD signs by a neurologist
specialized in movement disorders (R.A.C.R.)."” In all premanifest subjects, magnetic resonance
imaging (MRI) was performed to assess caudate, putamen and globus pallidus volumes, using

a 3.0 Tesla scanner (Philips Medical Systems, Best, The Netherlands) as described previously.!”

Standard Protocol Approvals, Registrations, and Patient Consents

Full ethical approval has been obtained for each European country contributing to the Registry study. The MRI
study was approved by the medical ethics committee of the Leiden University Medical Center. All subjects

gave written informed consent.

Table 1. Characteristics of the study populations

Group I'? Group IT'? Group III*¢

No. of subjects (n) 921 512 16

Male (%) 47.9 47.5 37.5
Age of onset, y 42.9 (12.0; 6-79) 42.9 (11.8; 9-79) -
Age at MRI, y - - 42.4 (10.1; 24-59)
Disease duration, y* 7.1 (5.3; 0-40.3) 7.0 (4.9; 0-29.5) -
UHDRS total motor score” 35.3(21.4; 0—-106) 34.7 (20.6; 0—105) -
UHDRS TFC score” 8.2 (3.7, 0—-13) 8.2 (3.6; 0—13) -
Mutant CAG repeat size 44.9 (5.0; 36-90) 44.9 (4.5; 36—90) 42.4 (2.7, 40—49)

t size 187 (3.2:9-37)¢ 18.6 (3.1, 9-32) 17.8 (3.2.9-23)

*Disease duration, total motor score and total functional capacity (TFC) score are indicated at the first study visit.
TAll data are indicated as means (standard deviation; range).

I There was one homozygous subject in this cohort with 37 and 42 repeats; exclusion of this subject did not change
the results.

) The total Registry cohort with data available on age of onset and CAG repeat sizes. ) All the patients from the
total Registry cohort with two or more follow-up measurements; patients with and without follow-up data did not
differ with respect to age, sex, body mass index, age of onset, mutant and normal CAG repeat size, and disease
duration, total motor score and total functional capacity at first visit (all p > 0.223; unpaired t-tests and y>-test) . ©)
Premanifest HD gene carriers. MRI = Magnetic Resonance Imaging, TFC = Total Functional Capacity, UHDRS
= Unified Huntington Disease Rating Scale.
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Statistical analyses

To assess whether age of onset is influenced by the interaction between mutant and normal CAG repeat sizes,
we used multiple linear regression. As the relation between age of onset and mutant CAG repeat size is known
to be exponential®, we used the logarithmic transform of age of onset as the dependent variable. The sizes of the
mutant and normal CAG repeats, and their interaction, were used as predictor variables. To examine whether
clinical scores during the follow-up period were influenced by the interaction between mutant and normal
CAG repeat number, we used linear mixed-effects models'® with the clinical scores as dependent variables.
We used random effects to account for the correlation between the repeated measurements on each individual.
In all models, both random intercepts and slopes were used for disease duration to reflect the heterogeneity
in terms of baseline levels and evolution with time. Age of onset was always included as a covariate, since it
can confound the relation between clinical phenotype and CAG repeat number.* Other explanatory variables
included mutant CAG repeat number and its interaction with disease duration, normal CAG repeat number and
its interaction with disease duration, an interaction term between mutant and normal CAG repeat sizes, and an
interaction term between disease duration and mutant and normal CAG repeat sizes. Thus, an interaction term
in which disease duration is not included assesses whether two variables interact on the dependent variable
at the mean time of follow-up, whereas an interaction term in which disease duration is included assesses
whether an independent variable (or the combination of two independent variables in case of a three-way
interaction) influences the rate of progression. In order to visualize the results, we drew regression lines based
on the predictions of the mixed-effects models for different groupings of mutant and normal CAG repeat sizes,
representing the association between clinical features and disease duration. In premanifest subjects, multiple
linear regression was applied to assess whether CAG repeat sizes interact to affect basal ganglia volumes.
Volumes of the caudate, putamen, globus pallidus, and their sum were used as dependent variables, while the
sizes of the mutant and normal alleles, and their interaction, were used as predictor variables. In order to reduce
multicollinearity, particularly with respect to the interaction terms, and simplify the interpretation of results,
disease duration, age of onset, and mutant and normal CAG repeat sizes were centered around their respective
means. We did not apply a specific correction for multiple testing because (1) based on previous literature
we could formulate an a priori hypothesis presuming a relation between CAG repeat sizes interaction and
disease severity and progression, and (2) there is a high degree of interdependence between various measures
of clinical severity, i.e. the UHDRS scores cannot be regarded as independent of one another. Therefore, all
tests were two-tailed and values of p < 0.05 were considered to be significant. Programming was performed in
SPSS version 14.0 for Windows (SPSS Inc, Chicago, I1l, USA) and SAS version 9.1 (SAS Institute Inc., Cary,
NC, USA).

RESULTS
Age of onset

The clinical characteristics of this cohort of HD patients (group I) are summarized in the second column of
table 1. The interaction term between mutant and normal CAG repeat sizes was highly significant (table E-1).
The inclusion of the interaction term raised the adjusted R* from 0.529 to 0.534, indicating that the model with
the interaction term included, can account for 53.4% of the variance in the age of onset. Model predicted best

fit lines (figure 1), revealed that in the low range of mutant CAG repeat size, higher normal CAG repeat sizes
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are related to a lower age of onset, while in the high range of the mutant repeat size, higher values of the normal
repeat size are related to a higher age of onset. Thus, the association between mutant CAG repeat size and age

of onset progressively weakens for higher normal CAG repeat sizes (figure 1).

Figure 1. Normal and mutant CAG repeat sizes Clinical severity and progression

interact to affect age of onset in HD patients. The

relation between age of onset and mutant CAG repeat The clinical characteristics of the HD patients

size progressively weakens with increasing normal of whom follow-up data were available (group

CAG repeat size. Solid line, line with small dashes, II) are summarized in the third column of table

and line with large dashes represent the relation 1. Interaction between mutant and normal CAG

between CAG repeat size in the mutant allele and age repeat sizes significantly influenced the mean —

of onset for, successively, 10, 20 and 30 CAG repeats at average disease duration — of the UHDRS

in the normal allele. total motor score, total cognitive score, and total

functional capacity (TFC), but not the mean total

707 behavioral score or body mass index (table E-2).
60 The regression coefficients in table E-2 indicate
that increasing normal CAG repeat size was

.g 50 associated with more severe symptoms in the low
> range of the mutant CAG repeat size, but with
2’40— less severe symptoms in the high range of the
-g 30— mutant CAG repeat size. For example, in case of
2, 40 CAG repeats in the mutant allele, for each unit
207 increase in the normal CAG repeat size the mean
10- motor score increased with 0.80 points, the mean
cognitive score decreased with 3.05 points, and

0 T the mean TFC score decreased with 0.10 points.
Mutant CAG repeat size However, in case of 50 CAG repeats in the mutant

allele, for each unit increase in the normal CAG

repeat size the mean motor score decreased with

0.74 points, the mean cognitive score increased

with 2.16 points, and the mean TFC score increased with 0.08 points. In addition, the rate of progression of
the UHDRS total motor score was influenced by the interaction between the two CAG repeat sizes (table E-2).
Model predictions of total motor score during follow-up revealed that, in the lower range of the mutant CAG
repeat sizes, increasing normal CAG repeat size was associated with a faster rate of motor progression, while
in the upper range of mutant CAG repeat size, increasing normal CAG repeat size was associated with a slower
rate of motor progression (figure 2, appendix E-1). Similar plots were generated for the total cognitive score,
total behavioral score, total functional capacity, and body mass index. Except for the total behavioral score,
these graphs showed a similar pattern as the total motor score, although the differences were generally less

pronounced (data not shown).
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Figure 2. Normal and mutant CAG repeat sizes
interact to affect disease progression in HD patients. 125-
The relation between motor progression and mutant
CAG repeat size is different for various values of
normal CAG repeat size. The graph shows model 100
predicted best fit lines based on the median age of

onset of 43 years for four different combinations of

...
T

mutant and normal CAG repeat sizes: 40/10 (solid
line and filled circles), 40/30 (solid line and open
circles), 50/10 (dashed line and filled circles), and
50/30 (dashed line and open circles). Note that for

large normal CAG repeat sizes — e.g. 30 in this case

(4]
o
1

UHDRS total motor score [points]
[
o
]

— the effect of the mutant CAG repeat size on disease

progression is diminished, i.e. disease progression

rate is very similar for 40/30 and 50/30 CAG repeat 0 T T T T

combinations. UHDRS = Unified Huntington Disease 0 _5 10 ) ' 2
. Disease duration [years]

Rating Scale.

Basal ganglia volumes in premanifest subjects

The clinical features of this cohort of premanifest HD gene carriers (group III) are displayed in the last column
of table 1. Volumes of the basal ganglia as a whole, as well as the putamen alone, were significantly affected
by the interaction between the mutant and normal CAG repeat sizes, while the interaction effect was borderline
significant in case of the caudate nucleus (p = 0.091) and globus pallidus (p = 0.057) volumes (table E-3).
Again, when accounting for the centering of the data, the direction of the interaction effect was opposite to that
of the effect of the mutant CAG repeat size. This indicates that, for a given mutant repeat size, larger sizes of

the normal repeat weaken the association between mutant repeat size and basal ganglia volume.

DISCUSSION

We found that normal CAG repeat size interacts with mutant CAG repeat size to affect both clinical severity
and progression in HD patients, as well as brain atrophy in premanifest HD mutation carriers. These findings
represent a major extension upon previous reports on CAG repeat sizes interaction, all of which used age of
onset as the sole outcome measure.'™'"' Here we demonstrate that, in addition to age of onset, many signs
and symptoms of HD, including motor, cognitive and functional indices, are also influenced by the interaction
between CAG repeat sizes in the normal and mutant allele. As the effect of the interaction on basal ganglia
volume could already be detected in premanifest subjects, our data suggest that the interplay between normal
and mutant huntingtin (fragments) directly influences neuronal atrophy or loss and is thus an inherent feature

of HD pathogenesis.
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Several models could account for our findings, including competitive polyglutamine length dependent
interaction of normal and mutant huntingtin with numerous protein binding partners,'”* mitochondrial
energy production?! or transcriptional mechanisms.?> However, as mutant N-terminal huntingtin fragments
can promote the fibrillogenesis and co-aggregation of normal huntingtin fragments, with an increasing rate
for larger polyglutamine stretches in either the normal or the mutant range,*** the simplest model would be
to assume that the rate of co-aggregate formation is proportional to the polyglutamine stretch in either the
normal or the mutant protein.”*** This could explain the observation that the association between mutant CAG
repeat size and clinical and pathological severity was weakened with larger normal CAG repeat sizes, since
increasing stretches of polyglutamine in normal huntingtin could lead to a stronger association with mutant
protein fragments, promoting their co-aggregation and preventing them from aberrantly interfering with other
proteins.”** Indeed, a number of studies have found that normal huntingtin can reduce the cellular toxicity
of the mutant protein both in vitro and in vivo.”***” However, a stronger interaction between normal and
mutant huntingtin could also result in a greater degree of loss of normal huntingtin function.”® There is now
considerable evidence indicating that normal huntingtin is essential for neuronal function and survival, that it
can protect cells from a host of toxic stimuli, and that loss of normal huntingtin function is likely to be involved
in HD pathogenesis.®***"** Therefore, the interaction between mutant and normal huntingtin could have both
beneficial (i.e. mitigation of mutant protein toxicity) and detrimental (i.e. loss of normal huntingtin function)
effects.”* The finding that in subjects with mutant CAG expansions in the low range, increasing size of the
normal repeat correlated with more severe symptoms and pathology, suggests that in the low range of mutant
polyglutamine stretches, the net effect of this interaction is likely to be detrimental due to loss of normal
huntingtin function. Conversely, as in subjects with expansions in the high range increasing size of the normal
repeat correlated with less severe symptoms and pathology, the net effect of this interaction in the high range

of the mutant polyglutamine sequences is likely to be beneficial due to mitigation of mutant protein toxicity.

As we show that the normal H7T allele can also influence disease severity, our findings are in line with recent
studies in transgenic mouse models of HD3! and indicate that HD displays an intermediate dominant phenotype
in humans as well. These findings challenge the classical common view of HD as a disorder with complete
dominance, which is largely based on the clinical evaluation of small groups of potential homozygotes prior to
the discovery of the genetic mutation.?>** More recent clinical, imaging and neuropathological assessment of
genetically confirmed homozygote patients with HD, however, did indeed reveal an increased rate of disease
progression.** Additionally, our findings are supported by recent studies in transgenic HD mice with super-long
CAG repeat expansions which show that homozygous transgenic mice with CAG repeat expansions of around
400 in both transgenes do not exhibit a noteworthy acceleration of phenotype compared to mice with only one
400 CAG transgene, whereas homozygous mice with one transgene in the 350 CAG range and one in the 400
CAG range, do show an accelerated phenotype.** Together these findings underscore that the exact as well as

the relative sizes of the CAG repeat tract in both H7T alleles are important determinants of pathology in HD.

Potential limitations of our study include the lack of follow-up data on a subset of HD patients and the relatively

short follow-up period. However, patients with and without longitudinal data did not differ in any particular
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way (table 1), indicating that lack of follow-up in some cases is unlikely to have biased the results. As the
Registry cohort continues to accrue, more precise estimates of the clinical effects of the CAG repeat sizes

interaction will be possible in the future.
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Table E-1. Effect of interaction between mutant and normal CAG repeat sizes on natural log-transform
of age of onset in Huntington disease patients.

Regression coefficients’ p-values
(95% CI)
Mean value 3.711 (3.697, 3.725) <0.001
mCAG* effect -0.047 (-0.050, -0.044) <0.001
nCAG? effect 0.002 (-0.002, 0.006) 0.394
mCAG x nCAG* 0.001 (0.001, 0.002) 0.001

_interaction effect

) All values and effect sizes are centered around the mean mutant CAG repeat size of 44.901, and mean normal CAG

repeat size of 18.673. CI = Confidence Interval.

) mCAG = mutant CAG repeat size; nCAG = normal CAG repeat size.
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Appendix E-1. Estimating disease progression

The coefficients provided in table E-2 can be used to estimate the clinical scores of HD patients while accounting
for age of onset, as well as mutant and normal H7T CAG repeat sizes. For example, the following equation can
be used to estimate the UHDRS total motor score:

Total motor score ~37.182 + 0.620 x (age of onset - 42.853) + 3.242 x (disease duration — 6.996) + 2.401 X (mutant
CAG repeat size —44.861) + 0.231 x (mutant CAG repeat size — 44.861)(disease duration — 6.996) + 0.102 x (normal
CAG repeat size — 18.633) + 0.004 x (normal CAG repeat size — 18.633)(disease duration — 6.996) — 0.164 x (mutant
CAG repeat size — 44.861)(normal CAG repeat size — 18.633) — 0.024 x (mutant CAG repeat size — 44.861)(normal
CAG repeat size — 18.633)(disease duration — 6.996)

The effect of the interaction between mutant and normal CAG repeat size on the total motor score can become
substantial over time. This can be illustrated by using the above equation. Suppose individuals A and B both
have an age of onset of 43 years and an expansion of 40 CAG repeats in their mutant alleles, while the number
of repeats in their normal alleles is different: 10 for person A and 30 for person B. Five years after disease
onset, the UHDRS total motor score of person A will equal 16 points (= 37.182 + 0.620 x (43-42.853) + 3.242
X (5-6.996) +2.401 x (40 —44.861) +0.231 x (40 —44.861)(5 —6.996) +0.102 x (10 — 18.633) + 0.004 = (10
—18.633)(5 — 6.996) — 0.164 x (40 — 44.861)(10 — 18.633) — 0.024 x (40 — 44.861)(10 — 18.633)(5 — 6.996)),
whereas person B will have a score of 29 points. A considerable difference of 8§1% after only five years, that,

in addition, will continue to increase over time (see also figure 2 in the manuscript).
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