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“But even if we take it for granted that we have discovered the sedes morbi we are still left 

in ignorance in regard to the nature of the derangement. And here we must leave the 

interesting subject of the pathology of this disease, and trust that the science, which has 

accomplished such wonders, through the never-tiring devotion of its votaries, may yet 

"overturn and overturn, and overturn it," until it is laid open to the light of day.” 

George Huntington, M.D., 1872 
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Abstract 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder 

characterized by motor, cognitive and behavioral disturbances, in which all affected 

individuals have precisely the same type of mutation, an expansion of a polymorphic CAG 

repeat in the coding region of the HTT gene. The mutant gene is present since conception 

initiating a lifelong pathogenic process that leads to onset of symptoms typically in mid-life. 

Even though there is a strong inverse correlation between onset of HD clinical symptoms 

and CAG repeat size, patients with precisely the same length of the expanded CAG 

repeat may differ dramatically in age-at-onset (AO). Several studies have shown that this 

deviation in motor AO is highly heritable, strongly implying the existence of stochastic, 

environmental and/or genetic factors. Understanding the mechanisms modulating HD 

expressivity is a major challenge in the HD field, whose ultimate goal is the development 

of effective therapeutic strategies. Therefore the aim of this doctoral project was to 

assess, through several classical genetic approaches, the relative contribution of genetic 

factors distinct from the CAG mutation that modify the disease outcome. 

Detailed haplotype analyses of two distinct European sub-populations has refined our 

understanding of the origins of the HTT CAG mutation, but more importantly, has 

demonstrated that 4p16.3 haplotypes have no influence on the HD pathogenesis or the 

HTT repeat instability. Moreover, our rigorous analysis of over 3,500 HD subjects showed 

that AO of motor manifestations is not determined by the normal allele or the interaction 

between expanded and normal alleles, corroborating our haplotype findings. Additionally, 

our critical studies of candidate gene modifiers of residual AO have demonstrated that 

when proper attention is paid to ancestry and, importantly, proper estimation of residual 

phenotype, there is no evidence for a significant effect of any of the consistently reported 

common variants at the most compelling candidates (GRIK2, PPARGC1A, GRIN2A, 

GRIN2B) or of the functional variants in genes of the dopaminergic pathway (DAT1, 

DRD2, DRD4, COMT).  

There is currently suggestive evidence of CAG repeat polymorphisms contributing to 

complex traits and even acting as modifiers of other diseases, including previous work 

from our group that has shown that reduced penetrance CAG alleles are over-represented 

in diagnosed cases of major depressive disorder (MDD). Our data showed that the 

functional HTT CAG repeat does not act as a sensitizer to the effects of the risk factors in 
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the general population that contribute to the manifestation of amyotrophic lateral sclerosis 

(ALS) or bipolar disorder (BP), implying that the CAG repeat contributes to MDD and 

perhaps other complex disorders, but not ALS or BP.  

Finally, we have evaluated a novel human-mouse cross-species approach to test the 

functional effect of a region, emerging from linkage analysis in HD families, which appears 

to harbor loci modifying AO of motor symptoms. We specifically asked whether dominantly 

acting A/J-C57BL6/J variants at this region could influence CAG repeat instability and/or 

the rate of the early disease process that leads to pathology in heterozygous C57BL6/J 

HdhQ111 knock-in mice. We found suggestive evidence that this specific loci is functionally 

modulating the levels and pattern of somatic CAG instability in liver and the appearance of 

intranuclear inclusions in the striatum, as well as DARPP-32 levels in medium spiny 

striatal neurons, encouraging a larger study to gather additional information that will allow 

us to better understand which of the candidate genes in this region is indeed modifying 

these traits.   

In conclusion, this work has provided the basis for a more rigorous and reliable 

statistical assessment of modifier variants in the HD research community and has set up 

the stage for the use of a novel functional approach to map modifiers by parsing candidate 

regions. More importantly, our powerlessness to single out compelling candidate modifier 

genes of HD reinforces the need of genome-wide screens for common and rare variants 

to identify strong and convincing genetic modifiers of HD pathogenesis. 
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Sumário 

A doença de Huntington é uma doença neurodegenerativa com transmissão 

autossómica dominante caracterizada por alterações motoras, cognitivas e 

comportamentais, em que todos os indivíduos afetados têm exatamente o mesmo tipo de 

mutação, a expansão de uma repetição CAG na região codificante do gene HTT. O gene 

mutado está presente desde conceção iniciando um processo patogénico que se mantém 

ao longo da vida e que resulta no aparecimento dos sintomas normalmente na idade 

adulta. Apesar de existir uma forte correlação inversa entre o início dos sintomas clínicos 

da doença de Huntington e o tamanho da repetição de CAG, doentes exatamente com o 

mesmo tamanho de expansão podem diferir dramaticamente na idade de início. Vários 

estudos têm demonstrado que este desvio na idade de início dos sintomas motores é 

altamente hereditário, sugerindo a existência de factores estocásticos, ambientais e/ou 

genéticos. Compreender os mecanismos que modulam a expressividade da doença de 

Huntington é um grande desafio nesta área, em que o objetivo final é o desenvolvimento 

de estratégias terapêuticas eficazes. Este projeto de doutoramento teve como objetivo 

avaliar, recorrendo a várias metodologias da genética clássica, a contribuição relativa de 

outros fatores genéticos, para além da mutação, que modificam a progressão da doença 

de Huntington.  

A análise detalhada de haplótipos em duas subpopulações europeias distintas permitiu 

um conhecimento mais detalhado sobre as origens da mutação no gene HTT, e 

demonstrou que os haplótipos na região 4p16.3 não têm qualquer influência na 

patogénese da doença ou na instabilidade da repetição. Além disso, a análise rigorosa de 

mais de 3500 doentes de Huntington revelou que a idade em que surgem os primeiros 

sintomas motores não é determinada nem pelo alelo normal nem pela interação entre os 

alelos normal e expandido, corroborando os resultados obtidos pelo estudo de haplótipos. 

A análise crítica de genes candidatos modificadores da idade de início residual 

demonstraram que quando se têm em consideração a ancestralidade das amostras e 

uma estimativa correta da idade de início residual, não há nenhuma evidência de um 

efeito significativo em qualquer uma das variantes comuns nos genes candidatos com 

maior evidência na literatura (GRIK2, PPARGC1A, GRIN2A, GRIN2B) ou em variantes 

funcionais em genes da via dopaminérgica (DAT1, DRD2, DRD4, COMT). 
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Existem evidências que sugerem que repetições do tripleto CAG contribuem para 

traços complexos e podem até agir como modificadores de outras doenças, tal como 

demonstrado num estudo prévio do nosso grupo em que se verificou que alelos de 

penetrância reduzida estão sobrerrepresentados em indivíduos diagnosticados com 

transtorno depressivo major. Os nossos resultados demonstraram que a repetição 

funcional no gene HTT  não atua como um sensibilizador para os efeitos dos fatores de 

risco que contribuem para a manifestação da esclerose lateral amiotrófica ou da doença 

bipolar na população em geral, mas que a repetição contribui para transtorno depressivo 

major e talvez para outras doenças complexas, que não para a esclerose lateral 

amiotrófica ou a doença bipolar. 

Finalmente, foi avaliada uma nova abordagem entre espécies humano-ratinho para 

testar o efeito funcional de uma região, que foi detetada a partir de análise de ligação 

genética em famílias de doentes com Huntington, que aparentemente inclui loci 

modificadores da idade de início de sintomas motores. Especificamente, questionou-se se 

variantes A/J-C57BL6/J dominantes poderiam influenciar a instabilidade da repetição e/ou 

a progressão dos processos envolvidos nas primeiras etapas da doença e que resultam 

na patologia observada em ratinhos knock-in C57BL6/J HdhQ111 heterozigotos. 

Encontramos evidências que sugerem que este loci específico está a modular 

funcionalmente os níveis e padrões de instabilidade somática no fígado e o aparecimento 

de inclusões intranucleares no estriato, bem como os níveis de DARPP-32 nos neurónios 

espinhosos médios, justificando um estudo mais alargado que nos permitirá entender 

melhor qual dos genes candidatos nesta região está de fato a modificar estas 

características. 

Em conclusão, este trabalho constitui um trabalho seminal para a comunidade de 

investigação da doença de Huntington contribuindo para uma avaliação estatística mais 

rigorosa de variantes modificadoras e representa o ponto de partida para a utilização de 

uma nova abordagem funcional para mapear genes modificadores através da análise das 

regiões candidatas em ratinhos. Mais importante, a nossa dificuldade em identificar genes 

modificadores da doença de Huntington reforça a necessidade de estudos genómicos 

para a pesquisa de variantes raras e comuns que contribuam como modificadores 

genéticos robustos da patogénese da doença de Huntington. 
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In 1872, Dr. George Huntington, an American physician, described the distinguished 

chorea features that he observed in families from Long Island, New York. Even though 

choreic movement disorders had already been well documented, Dr. Huntington believed 

that the late onset and hereditary nature of the choreic features he observed in these 

families set it apart from previously described chorea. This ended up being the first 

exhaustive description of a specific disorder entity that was originally called “Huntington’s 

chorea” in large part because of Dr. Huntington’s detailed and accurate definition of the 

disease in his brief paper [1]: “It is attended generally by all the symptoms of common 

chorea, only in an aggravated degree, hardly ever manifesting itself until adult or middle 

life, and then coming on gradually but surely, increasing by degrees, and often occupying 

years in its development, until the hapless sufferer is but a quivering wreck of his former 

self.” For many decades its name remained unchanged, until the nineteen-eighties when 

the name changed to “Huntington’s disease” (HD) to reflect the fact that chorea is not the 

only manifestation of the disease. 

 

Clinical Presentation 

HD is a devastating inherited neurodegenerative disorder with a wide spectrum of signs 

and symptoms characterized primarily by progressive motor, cognitive and psychiatric 

disturbances. The clinical diagnosis of HD is mostly based on the occurrence of chorea. 

Other prevalent and often debilitating features of HD include weight loss [2-6] and sleep 

disturbance [7-10]. Early signs of the disease vary greatly from person to person; 

occurring typically in mid-life, between the ages of 30 and 50, though the disorder can 

manifest at any age. The average lifespan after onset is 15 to 20 years, with the most 

common cause of death being pneumonia and heart disease [11-14]. 

 

Motor symptoms 

The first motor signs of HD are subtle: minor clumsiness, difficulties with smooth eye 

pursuit and slight uncontrolled or awkward movements that progress slowly over a period 

of years. These movement abnormalities become more and more exaggerated until the 

entire body is consumed with involuntary jerking or writhing movements, commonly known 

as chorea. While chorea typically dominates in early phases of the disease other 

movement abnormalities, including dystonia (an involuntary sustained contracture of 
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muscles), muscle rigidity and bradykinesia (slowness in the execution of the movement), 

become more marked in late stages of the disease. Other motor symptoms may include 

slow uncoordinated fine movements; slow or abnormal eye movements; impaired gait, 

posture and balance; speech impairment and difficulty in swallowing.  

 

Psychiatric symptoms 

Psychiatric features are very frequent in the early stages of the disease and often 

precede motor onset by many years [15]. The most frequent psychiatric sign is 

depression, with about 40% of HD patients having symptoms of depression [16]. Also, the 

suicide rate is dramatically increased in those “at risk” for HD compared to the general 

population [17]; with 17.5% of the carriers of the HD mutation having suicidal thoughts, 

from whom 10% had made at least one suicide attempt in the past [16]. While obsessive-

compulsive thoughts and repetitive behaviors are relatively common in HD, psychotic 

symptoms are rarer though delusions and hallucinations can occur, mainly in the later 

stages of the disease [18-20]. A wide range of other neuropsychiatric symptoms, such as 

dysphoria, agitation, irritability, apathy, anxiety, disinhibition are also characteristic of 

individuals with HD [19].  

 

Cognitive symptoms 

The cognitive capacities are also severely affected, and like psychiatric symptoms, 

deficits in cognitive functions can be detected many years before the onset of motor 

symptoms [21]. The cognitive decay is mostly related to executive functions, with patients 

reporting difficulties with multi-tasking and concentration. In HD patients, memory and 

learning certainly becomes impaired, and these individuals also have psychomotor 

symptoms and subtle visuospatial perceptual changes [22]. As cognitive dysfunction 

progresses, patients can develop severely limiting dementia.  

 

The atypical phenotypes 

While the majority of HD patients have the typical mid-life onset hyperkinetic 

phenotype, there are two extreme variants of phenotypes: juvenile and late onset HD. In 

juvenile HD the first symptoms and signs of the disease start before the age of 20 years. It 

is uncommon, only representing fewer than ten percent of individuals with HD [23], and 

differs from typical adult onset as the movement disorder is typically hypokinetic rather 

than hyperkinetic: including primarily tremors, bradykinesia, muscular rigidity and dystonia, 
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while chorea may be completely absent [24-28]. In juvenile HD, seizures are seen in 30-

50% of the cases [29-32]; and cerebellar signs, myoclonus and spasticity may also occur 

[33,34]. On the other hand, in late onset HD, the first symptoms do not start until the 

individual is over 60 years old. The signs are predominantly motor disturbance with 

relatively mild disability and slower progression, with dementia sometimes associated with 

coincident Alzheimer’s disease (AD) [35].  

 

Neuropathology 

The clinical symptoms of HD are due to the gradual atrophy of the striatum, where 

neuropathological analyses of patients’ brains have revealed a selective and progressive 

loss of medium spiny neurons (MSNs) in the caudate nucleus and the putamen [36].  

The MSNs neurons represent 90-95% of the striatal neuronal population playing a key 

role in initiating and controlling movements of the body, limbs and eyes. They are 

innervated by dopaminergic inputs originated from the substancia nigra and glutamatergic 

inputs from the cortex [37] and project back to the basal ganglia output nuclei via a direct 

and indirect pathway. These neurons use the inhibitory neurotransmitter gamma-

aminobutyric acid (GABA) and while neurons of the direct pathway express substance P 

and dopamine D1 receptors (excitatory effect), neurons of the indirect pathway express 

enkephalin and dopamine D2 receptors (inhibitory effect). Enkephalin-containing neurons 

projecting to the external segment of the globus pallidus are preferentially lost in 

postmortem brains of symptomatic and presymptomatic individuals while substance P-

containing neurons projecting to the internal pallidal segment are relatively spared [38-40]. 

This imbalance between the direct and indirect pathway and consequent loss of the 

GABAergic MSNs inhibitory input is believed to be the underlying cause of the 

uncontrolled movements characteristic of HD [reviewed in 41].  

Even though the loss of MSNs is the earliest and most evident pathological sign of HD, 

neuronal loss also occurs throughout the cerebral cortex, particularly in layers III, V and 

VI, and as the disease progresses other regions may be affected, with HD individuals 

overall brain weight decreasing up to 40% by the time of death [reviewed in 42]. Indeed, 

imaging studies of pre-manifest and early manifest HD patients revealed that substantial 

cortical and striatal atrophy occurs at very early stages, and the latter can even occur 

years prior to the expected onset [43-46]. 

Another characteristic feature of HD is the presence of neuronal intranuclear inclusions 

(NIIs) and cytoplasmatic inclusions, containing aggregated expanded huntingtin and other 

proteins, in striatal and cortical neurons [47-50]. The pathogenic relevance of these 
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huntingtin aggregates is an ongoing debate in the HD field, as it is still unclear whether 

they cause neuronal death by disrupting the normal transcriptional process in the 

susceptible neurons  [51], whether they are sequestrating the mutant protein to hinder 

polyglutamine-induced neurotoxicity [52-54] or whether their presence is just neutral to the 

disease process. 

 

The genetic cause 

In 1983, using standard linkage analyses in a large Venezuelan kindred with apparent 

high HD prevalence and in multigenerational American HD families, the huntingtin (HTT) 

gene was mapped to the tip of the short arm of chromosome 4 [55]. It took the 

Huntington’s Disease Collaborative Research Group another 10 years to identify the 

underlying mutation that causes HD [56], making this the first autosomal disease locus 

found using genetic linkage analysis. Using haplotype analyses of linkage disequilibrium in 

75 HD families of different origins, the precise causal gene at 4p16.3 was isolated and 

showed the presence of a polymorphic trinucleotide CAG repeat in the coding region of 

the HTT gene that was expanded on all HD families examined [56]. HD was ultimately 

found to be caused by this expanded and unstable CAG repeat, which encodes an 

elongated polyglutamine (polyQ) tract near the amino terminus of the huntingtin protein, a 

large (~349 kDa) widely expressed protein with unknown function.  

Predictive testing of HD started being offered to “at-risk” individuals in 1988, first with 

use of a linked DNA marker [57], and later on, with the discovery of the genetic mutation, it 

was possible to offer accurate tests for HD by determining the HTT CAG repeat length in 

these individuals. Not only “at-risk” individuals now have the opportunity to learn whether 

or not they have inherited an expanded repeat that will cause HD, but can also make an 

informed decision about prospective pregnancies through prenatal testing. However, 

predictive testing involves significant psychological and social challenge and, nowadays 

there are still approximately 85% of “at-risk” HD individuals that do not come forward for 

testing [58-61]. 

 

CAG repeat distribution 

Normal HTT alleles are polymorphic, having fewer than 35 CAG repeats and are 

considered to produce no overt clinical symptoms of HD. These alleles can be grouped in 

two categories: normal stable (with less than 27 CAGs) and high-normal alleles (27 to 35 

CAGs) (Figure 1). The average CAG repeat size in the general population is 16 to 20 
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repeats, depending on its geographic origin [62], and the repeat length distribution is 

positively skewed, with more alleles lying above than below the modal length [63].  

 

 

Figure 1 – The HTT CAG repeat distribution in HD families. Bimodal distribution of the CAG 

repeat length, with a clear peak in the normal (17 CAG repeats) and other in the full penetrance 

(42-43 CAG repeats) range. HD stable normal alleles are represented in blue; high-normal in 

green; reduced-penetrance in orange and full penetrance in red (lighter red represents the allele 

sizes normally associated with juvenile HD). 

 

Individuals affected with HD have a repeat that expanded to 36 or more CAG repeats. 

It can range as high as 150 or more repeats though most HD alleles have 40 to 50 CAG 

repeats. These HD alleles can also be grouped in two categories based on their 

penetrance, i.e. the proportion of individuals who carry the expanded HTT CAG repeat 

and express the disease phenotype. While HTT alleles with 40 or more CAG repeats are 

fully penetrant and lead to the onset of HD symptoms, CAG repeats between 35 to 39 

repeats are associated with reduced penetrance (Figure 1). Even though some individuals 

with reduced penetrance alleles will develop HD within their lifetime, typically with a later 

age-at-onset (AO) and slower progression of the disease, some will never develop clinical 

manifestations [64-66]. Notably, there have been some reports that suggest that high-

normal HTT alleles, with 34 or fewer repeats, can also cause symptoms of HD [67-70], 

perhaps indicating that these alleles have very dramatically reduced HD penetrance.  

 

CAG repeat length and age-at-onset 

The extent to which the HD mutation shows its phenotypic expression (i.e. expressivity) 

is variable, as individuals with the HD mutation can exhibit differences in many aspects of 
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their phenotypes, such as their AO of the disease symptoms. While the mutant gene is 

present from conception and expressed throughout life, in most carriers produces clinical 

symptoms only after several decades, though these individuals can become symptomatic 

at any time in their life. The onset of the disease, AO, refers to the age when mutation 

carriers show the first characteristic signs of HD, typically motor signs such as chorea.  

 

 

Figure 2 – The correlation between age at motor onset and the size of the expanded HTT 

CAG repeat. Even though the expanded CAG allele is present and widely expressed from 

conception, the onset of neurological symptoms is inversely correlated with the HTT CAG repeat 

size (the solid line represents the best-fitting line), such that the longer the repeat the earlier the 

symptoms manifest. However, individuals with the same repeat size may differ dramatically in AO, 

for example, individuals carrying a CAG repeat of 40 units can start showing motor signs of HD as 

earlier as 30 and as late as 90 years of age (the shadow area represents the range of AO for any 

given CAG repeat size with dashed lines representing the bottom and upper limits). This deviation 

in AO might be partially explained by the sum of small effects from common genetic variants or by 

rare variants of large effect, which may act in some but not all individuals (represented by the 

arrows). 

 

Immediately after the discovery of the HTT CAG repeat, it was shown in different 

studies that AO was inversely correlated with the size of the expanded CAG repeat [71-

73]. The longer the CAG repeat length the earlier the onset of symptoms tends to be, with 

expansions above 60 CAG repeats usually associated with juvenile HD (Figure 2). Despite 

the strong correlation between CAG repeat length and AO, it only explains about 50-70% 

of the variance in motor AO [71-73]. Furthermore, the negative correlation is weaker for 

repeats at the lower end of the expanded alleles and the severity of the disease does not 

increase as prominently in the high-expanded alleles where repeat increments do not 

seem to have as big an effect on phenotype expression [74,75]. 

 



 

Genetic modifiers of Huntington’s disease 9 

 

 
Introduction 

 

  

CAG repeat instability 

While most normal size CAG repeats are stably inherited, expanded CAG repeats are 

prone to further length variation during meiosis. The pathological alleles are unstable 

when transmitted to offspring in around 70-80% of transmissions, usually contracting 1 to 

2 units if transmitted maternally and expanding 1 to 4 units if transmitted paternally [72,76-

83]. Large increases of the repeat size, associated to juvenile HD cases, occur 

predominantly with paternal transmission, reflecting a particularly high mutation rate 

during spermatogenesis [78,83-86]. In extremely rare occasions, these larger-sized 

increases also occur in transmissions of maternal origin [87-90]. Several studies have 

shown that high-normal alleles, with repeats between 27 to 35 CAGs, can also be 

unstable and in some cases actually expand into the pathogenic range upon transmission 

[91-93]. The expanded HD CAG repeat is also somatically unstable, undergoing 

progressive length increases over time. It is tissue-specific, with the highest levels 

detected in brain and sperm [80,94]. 

  

The origin of Huntington’s disease 

A disease-causing mutation may arise on a single chromosome. The haplotype 

carrying this novel mutation then rises to high frequency by a combination of genetic drift, 

selection, recombination and population migration resulting in the genetic variation that 

makes it possible to further infer about the past population dynamics of the mutant allele 

[reviewed in 95]. 

The evolution of the HD allele was initially investigated in a simulation study that used 

several human populations and a variety of primates [63]. These simulations suggested 

that the human HD allele expanded from a shorter ancestral primate allele, predicting a 

length dependent mutational bias towards longer HD alleles and a consequent ever-

increasing incidence of HD. Indeed, analyses of the mutational flow (defined as the net 

number mutating past of a particular repeat length) have estimated that the new mutation 

rate in each generation is at least 10% [96]. This is consistent with the proportion of new 

mutations observed in the University of British Columbia’s DNA and Tissue Bank for 

Huntington Disease Research Databank, where 14% of alleles with 27-35 CAGs have 

expanded into the disease associated range [93].  
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Prevalence of Huntington’s disease 

Individuals with HD can be found in many different countries and ethnic groups around 

the world. However, its prevalence varies geographically, with the highest rates reported 

for western populations from Europe.  

 

 

Figure 3 – Estimated prevalence of HD around the world. The worldwide prevalence of HD, 

based on a meta-analysis study, is estimated at 2.71 per 100,000 [98]. Notably, the largest and 

best-studied cohort of individuals with HD is in the Lake Maracaibo region of Venezuela, which has 

the highest reported worldwide prevalence at 700 cases per 100,000 people [101]. The minimum 

prevalence of HD for each country was based on several epidemiological studies reported in the 

literature [59,99,102-166]. 

 

Europe has a relative high prevalence of HD with approximately 5-10 individuals 

affected with HD per 100,000 (Figure 3) [97,98]. The prevalence is rather uniform across 

almost all Europe, with the exception of Finland with a reported prevalence of 0.5 per 

100,000 [99]. It is believed that migration out of Europe in the 18th and 19th centuries has 

brought HD to North and South America, Australia and New Zealand, as prevalence of HD 

in these regions is similar to the reported in most European countries (5-10 per 100,000) 

[97,98]. There are, however, some small and isolate communities with an unusual high 

frequency of HD. In Tasmania, HD was found in one large family of English origin, where 

765 descendants of a single ancestor with HD from Somerset (England) were “at-risk” of 

HD [100]. In Venezuela, the isolated population of Lake Maracaibo has an exceedingly 

high prevalence rate of up to 700 HD cases per 100,000 individuals [101]. It is believed 

that HD was introduced in this region between 1860 and 1870 by a Spanish sailor [101].  

In contrast to Europe, the HD prevalence rates in Asian populations are significantly 

lower, with 0.4 and 0.1-0.7 individuals affected with HD per 100,000 in China and Japan, 

respectively (Figure 3) [108,109,120-122]. The frequency of HD is also expected to be low 

among people of African origin, with the prevalence in black South Africans estimated at 
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0.01 per 100,000 [131]. Within the white and mixed-race populations of South Africa the 

frequency is slightly higher (2.22 and 2.17 per 100,000, respectively) [131], with a founder 

effect supposedly linking this two populations [167]. Most of these South African HD 

families are descendants of European settlers, and the HD mutation was in fact traced to 

a common ancestor of Dutch origin in the Caucasians families [131]. 

All these prevalence estimates of HD (Figure3) are most likely gross underestimates, 

as most of these epidemiological data were ascertained before the identification of the HD 

mutation, and also because nowadays there are still approximately 85% of persons “at-

risk” for HD that do not come forward for testing [61]. 

 

Haplotypes studies 

The geographical distribution of HD suggests that there have been multiple origins of 

the HD allele with separate new mutations taken place in Europe, Japan and Africa. 

Indeed, this hypothesis is supported by numerous haplotype studies of a few 

polymorphisms in the HTT region that have been constructed in different worldwide ethnic 

populations [62,110,157,167-179]. 

Many of these haplotype studies have found positive association between specific 

markers (mostly with the CCG repeat immediately adjacent to the CAG repeat and the 

deletion of a glutamic acid at position 2642, Δ2642), disease chromosomes and HD 

prevalence. Interestingly, populations with a high prevalence of HD (e.g. Europeans) have 

a relatively high number of alleles with the (CCG)7 and Δ2642 (7-del) haplotype, which is 

associated with a higher number of CAG repeats [62,169]. In contrast, in populations with 

a low prevalence (e.g. China, Finland, Japan) the 10-in haplotype (with (CCG)10 and no 

glutamic acid deletion), which is associated with smaller CAG repeats, is most frequent 

[62,169]. In these populations, the (CCG)7 allele is relatively underrepresented and the 

Δ2642 allele is rarely found in African and Asian chromosomes [169,177].  

More recently, it was identified a subset of 22 tagging single nucleotide polymorphisms 

(SNPs) in the HTT gene that were highly associated with HD chromosomes from 

Canadian individuals of European origin. In this population, three major haplotypes (A, B 

and C) were found in the general population, while HD and high-normal HD chromosomes 

were almost exclusively found on haplotype A (respectively, 95% and 86% of the 

chromosomes in these ranges) [180]. In contrast, HD chromosomes in East Asia (China 

and Japan) were most frequently associated with haplotype C, and none was on 

haplotype variants A1 or A2, which were the most common in HD chromosomes and 

present in up to 20% of the general population in Europe [181]. Actually, these two 
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haplotype variants were completely absent in the East Asia general population sample. 

The authors suggested that the lower prevalence of HD in East Asia could therefore be 

explained by the absence of these predisposing haplotype variants that may have arisen 

in Europe following the separation of the European and Asian populations about 25,000 

years ago [181]. On the other hand, HD in the different African subpopulations (black, 

white and mixed) occurred on diverse and ethnically distinct haplotypes. While HD 

chromosomes from white and mixed HD patients were predominantly associated with 

haplotype A, suggesting a similar European origin, the CAG expanded alleles in black 

South Africans occurred predominantly on haplotype B and C, suggesting multiple origins 

of the mutation in this ethnic group [182]. Similar to what was previously observed for East 

Asian populations, there was an absence of the European HD variants in the black South 

African population, which also may account for the low HD prevalence observed in this 

population.   

The heterogeneous geographic distribution and genetic background of the HD alleles 

among European, Asian and African population supports the hypothesis that the HD 

cases spread throughout the world had multiple and separate origins. Furthermore, 

characterization of these different HD genetic backgrounds may lead to the identification 

of cis-modifiers affecting HTT repeat stability and pathogenesis and may also provide 

suitable targets for allele-specific therapeutics.  

 

Genetic modifiers  

Even though there is a strong correlation between AO of motor symptoms and CAG 

repeat size, patients with precisely the same length of the expanded CAG repeat may 

differ dramatically in AO, approximately ±20 years around the expected AO based on 

CAG repeat length (Figure 2) [reviewed in 183]. This deviation in motor AO, also known as 

residual AO, is highly heritable strongly implying the existence of other factors that 

modulate the rate of the pathogenic process that leads to onset of symptoms [184-186]. 

The disease expression is likely determined by the combination of multiple stochastic, 

environmental and/or genetic factors. While all three factors can be involved in the 

disease manifestation and its timing, genetic modifiers can be more easily identified using 

genetic techniques directly in studies of human patients, such as candidate gene 

association studies and, more recently, unbiased scans of chromosomal regions (linkage 

analysis) and all genome (genome-wide association analysis). By definition, these genetic 

modifiers of AO are genes whose natural polymorphic variation is capable of modifying the 

course of the disease pathogenesis, thereby capable of delaying or anticipating the onset 

of the symptoms. These genes are expected to target particular biochemical pathways 
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involved in HD pathogenesis, providing new targets for the development of rational 

therapeutic interventions.  

 

Candidate gene association studies 

Several polymorphisms in various candidate genes, including within the HTT gene 

itself, have already been tested in HD patients for an effect of genotype on onset of HD 

symptoms, mostly on the motor AO. These genes were chosen mainly because they are 

thought to be functionally relevant to HD pathogenesis or to interact with the mutant 

huntingtin protein. 

 

Cis-modifiers 

Within the HTT gene itself, the variation in length of the normal CAG repeat has been 

extensively tested for genetic association with the AO (Table 1). Kehoe et al. reported in a 

cohort of 138 Welsh HD families, an effect of the normal repeat length on AO in maternally 

inherited HD and in male HD patients [187]. A subsequent study in a combined cohort of 

754 HD patients from North America and Europe, found evidence of the interaction of 

 

Table 1. Variants within the HTT gene and its association with HD AO. 

Polymorphism Population Number of patients Associated with AO Reference 

Normal (CAG)n  English 293 no [193] 

 Welsh 138 yes [187] 

 Indian 77 no [190]  

 North American/European 
a
 754 yes [188] 

 Venezuelan 443 no [194] 

 European 
b 

921 yes [189] 

 German 404 no [195] 

 Czech  468 no [196] 

(CCG)n Italian 80 no [197] 

 French 84 no [192] 

 Indian 77 yes [190] 

 Taiwanese 53 no [179] 

 Venezuelan 306 no [194] 

Δ2642 Italian 70 no [197] 

 French 79  yes [191] 

 English 293 no [193] 

 French 84 yes [192] 

 Indian 77 no [190] 

 North American/European 
a
 518 no [184] 

 Venezuelan 375 no [194] 

a
 HD-MAPS cohort; 

b 
EHDN Registry cohort 
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the mutant and normal CAG repeat alleles influencing AO, where the normal CAG repeat 

was positively associated with delayed onset in HD subjects having large expanded 

repeat sizes [188]. In addition, a study in a cohort of 921 HD European patients has 

shown that mutant and normal HTT alleles interact to influence not only AO, but also 

clinical severity and disease progression [189]. Besides the normal CAG repeat size two 

other polymorphisms within the HTT gene have been implicated, the polymorphic (CCG)n 

repeat and the Δ2642 (Table 1) [190-192]. Despite these findings, various studies failed to 

demonstrate any influence of the variation in the normal allele and these polymorphisms 

on the AO [179,184,190,192-197]. 

 

Trans-modifiers 

Several studies have reported an association of AO with genetic variants within at least 

twenty-one genes (Table 2). These findings appear to implicate relevant processes such 

as neurotransmission (GRIK2, GRIN2A, GRIN2B, ADORA2), energy metabolism 

(PPARGC1A, CO1, NRF-1 and TFAM), stress response and apoptosis (DFFB, MAP2K6, 

ASK1), gene transcription (TCERG1, TP53), lipoprotein metabolism (APOE), autophagy 

(Atg7), axonal trafficking (HAP1), folate metabolism (MTHFR), DNA repair (OGG1) and 

protein degradation (UCHL1) in the modulation of the pathogenic process that lead to 

onset of HD symptoms [184,187,190,193-195,198-222]. 

Although all these candidate genes gave a statistically significant association with AO 

in the original population studied, many failed when replicated (GRIK2, GRIN2B, CO1, 

PPARGC1A, DFFB, APOE, OGG1, UCHL1, BDNF, TP53 and MTHFR) [193,194,199, 

211, 223-231] while some have not yet been confirmed in other populations (ASK1, 

MAP2K6, Atg7, MSX1, NRF-1 and TFAM) [184,207,212,216]. Replicable associations 

have been established for polymorphisms in the ADORA2, GRIN2A, TCERG1 and HAP1 

genes [190,194,198,199,204-206,214,217], with the latter presenting the only functional 

variant defined as a modifier of HD pathogenesis. Note that, in addition to all the genes 

presented in Table 2, several other biological compelling genes were tested for 

association but failed to give positive results in the original population (GRIN1, GRIN2C, 

GRIN2D, GSTO1, GSTO2, HIP14, PS-1, TBP, KALRN) [204,215,230,232,233]. 

From the long list of genes in Table 2, those involved in neurotransmission and energy 

metabolism seem to be the most promising modifier candidates as variants within these 

genes were replicated in independent cohorts and both pathways were already shown to 

be compromised in both HD mouse models and patients [reviewed in 234].  



 

Genetic modifiers of Huntington’s disease 15 

 

 
Introduction 

 

  

One of the proposed mechanisms of HD pathogenesis is the loss of MSNs mediated by 

the release of glutamate and consequent overstimulation of glutamate receptors causing 

neurodegeneration and neural damage [235]. Indeed, the first reported candidate genetic 

modifier was the glutamate receptor ionotropic kainate 2 (GRIK2 also known as GluR6) 

[193]. Subsequent multiple studies have shown that a rare TAA allele or a functional 

polymorphism nearby in linkage disequilibrium appears to be associated with earlier onset 

of HD [200-203]. More recently, polymorphisms within two other genes (GRIN2A and 

GRIN2B) encoding subunits of the N-methyl-D-aspartate (NMDA) glutamate receptors, 

known to play a prominent role in synaptic plasticity and neurodegeneration, have shown 

strong evidences of association with AO [194,204-206]. 

Abnormal energy metabolism and mitochondrial dysfunction have also been implicated 

as potential mechanisms involved in the HD pathogenesis [reviewed in 236]. Expression 

of mutant, but not wild type, huntingtin down-regulates the expression of the mitochondrial 

regulator peroxisome proliferator-activated receptor γ coactivator 1α (PPARGC1A, also 

known as PGC-1α) [237-239], a transcriptional regulator of key energetic metabolic 

pathways, including adaptive thermogenesis [240] and mitochondrial respiration and 

oxidative stress [241,242]. PGC-1α knock-out mice showed hyperkinetic signs associated 

with striatal lesions [238] and the crossbreed of these knock-out with HD knock-in mice 

leads to an increased neurodegeneration of striatal neurons and motor abnormalities 

[237]. Following these biological findings, three recent independent association studies, 

including European HD patients mainly from Italy and Germany, pointed PPARGC1A as a 

modifier of AO of HD symptoms, with the minor allele of rs7665166 associated with a 

delay in disease onset [208-210]. 

Even though the candidate association studies has been the favored strategy in the HD 

field, this candidate gene approach is per se an inherently biased approach in which 

genes are chosen based on a pre-existing hypothesis related to their connection to 

pathophysiological processes thought to be involved in the HD pathogenesis. 

 

Unbiased scans for genetic modifiers 

Another approach that has begun to be employed in HD is the unbiased genetic screen for 

genetic modifiers, driven by modern technologies that allow a rapid assessment of the 

overall human genetic variation in a large number of human patients. Genome-wide 

association (GWA) studies, examining common genetic variants (SNPs) in thousands of 

HD subjects to see if any variant is associated with age at neurological onset, are now 

being applied in an expanded version of the HD-MAPS collaboration [185]. These studies 
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Table 2. Overview of the different biological processes and genes associated with HD AO 

Candidate  

Gene 
Polymorphism Population 

Number of  

patients 

Associated 

 with AO 
Reference 

ADORA2A rs5751876 French 791 yes [198] 

  German 419 yes [199] 

GRIK2 (TAA)n English 293 yes [193] 

  North American 258 yes [200] 

  France 138 yes [201] 

  Indian 77 yes [190] 

  Italian 48 yes 
a 

[202] 

  European 980 no [230] 

  North American 311 yes [203] 

  Venezuelan 368 no [194] 

GRIN2A rs1969060 German 167 yes [204] 

  Venezuelan 421 yes [194] 

  German 250 yes [205] 

  European 
b 

1069 yes 
c 

[206] 

 rs8057394 German 250 yes [205] 

 rs2650427 German 250 yes [205] 

  European 
b
 1069 yes [206] 

GRIN2B rs1806201 German 167 yes [204] 

  Venezuelan 337 no [194] 

  German 250 yes [205] 

  European 
b
 538 yes 

d 
[206] 

 rs890 German 167 yes [204] 

  Venezuelan 305 no [194] 

CO1 C7028T Italian 51 no [223] 

  German 404 yes [195] 

NRF-1 rs7781972 German 401 yes [207] 

 rs6949152 German 401 yes [207] 

PPARGC1A rs7665116 German 400 yes [208] 

  Italian 449 yes [209] 

  European 854 yes [210] 

  European 
b 

1706 no [211] 

 rs2970870 German 400 yes 
e
 [208] 

  European 854 yes [210] 

  European 
b
 1706 yes 

e
 [211] 

 rs6821591 Italian 449 yes [209] 

TFAM rs1049432 German 401 yes [207] 

 rs11006132 German 401 yes [207] 

ASK1 rs5880308 German 250 yes [212] 

DFFB R196K Indian 77 yes [213] 

  German 167 no [224] 

  Venezuelan 429 no [194] 

MAP2K6 rs2521354 German 250 yes [212] 

TCERG1 (Gln-Ala)n North American 432 yes [214] 

  Indian 77 yes [190] 

  Venezuelan 427 yes 
f
 [194] 

TP53 R72P Indian 77 yes [213] 

  German 167 no [224] 

  Venezuelan 429 no [194] 



 

Genetic modifiers of Huntington’s disease 17 

 

 
Introduction 

 

  

Candidate  

Gene 
Polymorphism Population 

Number of  

patients 

Associated 

 with AO 
Reference 

APOE ε2, ε3, ε4 English 293 no [193] 

  Greek 60 yes [215] 

  Welsh 138 yes [187] 

  Hungarian 28 no [225] 

  German 145 no [226] 

  Venezuelan 423 no [194] 

ATG7 V471A European 952 yes [216] 

HAP1 T441M European 980 yes [217] 

  German 419 yes [199] 

MTHFR A1298C German 171 yes [218] 

  German 167 no [231] 

OGG1 S326C Italian 91 yes [219] 

  German 419 no [199] 

UCHL1 S18Y French 138 yes [201] 

  European 946 yes [220] 

  Venezuelan 405 no  [194] 

  Chinese 11 yes [221] 

MSX1 (CA)n North-American/European 
g
 192 yes [184] 

BDNF V66M Spanish 122 yes [222] 

  Italian 255 no [227] 

  North-American/European 
g
 557 no [228] 

  German 250 no [229] 

  European 980 no [230] 

a 
in juvenile-onset patients only;  

b 
EHDN Registry cohort; 

c 
nominally significant; 

d 
 in patients with motor symptom AO 

only; 
e 
borderline significant association; 

f 
trend towards association; 

g 
HD-MAPS cohort 

 

should be able to clarify the suspected involvement of the candidate modifiers genes 

investigated so far (Table 2) but, more importantly, identify new polymorphisms in genes 

that would have not been considered based on our current understanding of the disease 

pathogenesis, revealing thereby completely new biological pathways and processes 

involved in HD. 

While GWAs are still undergoing, initial unbiased scans based on genetic linkage have 

been used to identify chromosomal regions that harbor modifier genes that can explain 

residual onset of motor HD symptoms. A whole-genome microsatellite scan in a sample of 

692 affected HD sibling pairs (the HD-MAPS study) identified six possible genetic linkage 

regions (2q33, 4p16, 5q31-32, 6p22, 6q23-24 and 18q22) [243]. A follow-up study, where 

additional 102 sibling pairs were genotyped for these six genomic regions, has provided 

strong evidence for a quantitative trait loci (QTL) at the human chromosomal region 6q23-

24 modifying neurological onset in HD [244]. A subsequent genome-wide linkage scan 

comprising 4,500 sibships from the large HD Venezuelan kindreds in which the HD gene 

was originally identified, revealed two novel loci on chromosome 2 (2p25 and 2q35) and 

two promising loci on chromosome 5 (5p14 and 5q32) that may contain genes that modify 

age of onset [245]. This study also confirmed the association of the most promising locus 
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from the previous genome scans (on chromosome 6q22) with AO. All the chromosomal 

regions implicated in these studies are large and so far the specific modifier genes 

responsible for these effects have not been identified.  

 

The Huntington’s disease model systems 

Since the location of the human HTT gene and the identification of the mutation 

responsible for HD, numerous HD genetic model systems have been generated. These 

HD models are non-human biologic systems that can model either the HD mutation or a 

particular set of HD phenotypes, as well as perturb the HTT locus, in order to provide 

experimentally accessible systems to understand the normal and abnormal function of 

HTT, investigate the disease pathogenesis, test therapeutic approaches and explore their 

translation to HD patients.  

In addition to HD cell lines there are also a wide range of HD animal models, including 

multicellular eukaryotic organism Dictyostelium discoideum [246], invertebrate Drosophila 

melanogaster [247], non-mammalian zebrafish Danio rerio [248,249], and mammals mice 

[250-255], rats [256], sheep [257] and non-human primates [258], that have been 

genetically engineered to model the HD mutation. Several of these established model 

systems have been generated by using only the amino-terminal fragment of the huntingtin 

protein perturbing many cellular processes but removing the polyQ tract from its normal 

protein context.  

 

The mouse model 

A number of HD mouse models have been developed that vary in repeat length, level 

of expression of mutant huntingtin protein and context of the mutant allele, whether it is 

truncated or full-length, human or murine. The currently available mouse models of HD 

can be separated in two categories, transgenic and knock-in models. The transgenic 

mouse models were generated by inserting in the mouse either a truncated (e.g. R6/2 and 

R6/1 models) [250,252] or a full-length copy (BACHD and YACHD models) [251,253] of 

the human HTT gene that carries an expanded CAG repeat tract. In contrast, knock-in 

mouse models were generated in a way that the elongated CAG tract was introduced into 

the mouse homologue of the human HTT gene (Htt), either only the expanded CAG 

repeat (HdhQ150 model) [259] or a chimeric human/mouse exon 1 carrying both the 

expanded CAG repeat and the adjacent polyproline region (e.g. HdhQ111 and HdhQ140) 

[254,255,260].  
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The context in which the mutant gene is expressed in these mouse models markedly 

influences the different disease phenotypes observed. While mice expressing amino-

terminal fragments of the HTT exon 1 develop an early onset, rapid progression and 

aggressive disease phenotype that recapitulates aspects of motor defects (dystonic 

movements, impairment in motor performance and grip strength) and weight loss seen in 

HD patients, they are not an exact analogue of adult-onset HD [reviewed in 261,262]. 

Furthermore, these mice have widespread NIIs expression in contrast to the selective 

neuronal loss in the striatum characteristic of HD [263,264]. This suggests that the full-

length huntingtin protein is required to confer this specificity as the initial trigger event 

seems to occur at the level of the full-length protein rather than small fragments which 

appear only late in the disorder. Indeed, mice expressing full-length mutant protein (either 

human or chimeric human/mouse) develop this selective neuronal degeneration and have 

a more prolonged disease course with fewer prominent motor defects [reviewed in 42], 

providing an exceptional opportunity to study the evolution of pathogenic processes in the 

context of a chronically progressing disease phenotype, as observed in HD patients. 

 

HdhQ111 knock-in mouse model 

HD knock-in mice produce a mutant full-length huntingtin protein with an accurate 

pattern and level of expression that closely matches the genetic basis of HD. These 

animals demonstrate a temporal series of histological, biochemical and functional changes 

that are progressively more severe as the polyQ length increases, show dominance over 

the normal protein and little discernible effect of the second mutant allele in homozygotes.  

One of these knock-in models, the HdhQ111, was created through the precise insertion 

of a chimeric human/mouse exon 1 containing an expanded CAG repeat to replace the 

endogenous mouse exon 1 [254,255]. These mice show a normal life span with the 

development of mild behavioral abnormalities at later ages; by 24 months of age subtle 

gait deficits are detected by footprint analysis but no deficits in the accelerated rotarod 

[265]. Even though knock-in mice do not show the extensive neuronal loss characteristic 

of HD, nuclear accumulation of full-length huntingtin in striatal neurons becomes evident 

after several weeks of age. In HdhQ111 homozygous mice, the nuclear huntingtin staining 

evolves from a diffuse pattern (~6 weeks of age), through a punctate distribution (~5 

months) and evident NIIs (~10 months), ultimately to neuropil aggregate (~17 months) and 

reactive gliosis (~24 months) [265]. These knock-in mice also recapitulate many features 

of repeat instability observed in HD patients. Intergenerational CAG repeat length changes 

occur in up to 70% of transmissions with a male expansion bias, and tissue specific 

somatic instability, with significant accumulation of expansions in striatum and liver, 
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becomes apparent by 5 months of age [254,266-268]. This striatal neuropathology varied 

when examined in different strain backgrounds, with Sv129 knock-in mice presenting 

reduced levels of somatic instability and a delayed neuropathology when compared to 

C57BL/6 knock-in mice [268]. The disease process in this knock-in model also features 

early energy deficits, supported by decreased levels of cAMP and phospho-CREB that 

could be responsible for the decreased levels of BDNF also observed in these animals 

[269] and in HD patients [270,271].  

These different studies in the HdhQ111 knock-in model revealed subtle early changes in 

the HD pathogenic process triggered by the mutant huntingtin that eventually lead to long-

term neuropathological consequences that parallel disease in man. Similarly to what is 

observed in humans, there is a striking mouse-to-mouse variation for some of the 

phenotypes observed in this mouse model, such as neurodegeneration and motor 

impairment, suggesting an accumulated impact of many different modifiers in the 

pathologic process in the mouse [265]. Genetic and phenotypic screens in these mouse 

models can therefore facilitate the identification of modifiers and its underlying 

pathophysiological mechanism, ultimately suggesting novel candidate genes for follow-up 

studies in humans.  
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This doctoral dissertation is focused on genetic modifiers and their impact on the 

expressivity of HD, a rare neurodegenerative disorder typically considered to be highly 

penetrant. The major goal was the discovery of genetic factors that critically influence the 

pathological process that underlies the manifestation and timing of clinical symptoms of 

HD, as these are of extreme importance for defining the disease mechanisms and 

unveiling new therapeutic targets to slow the progression or to ameliorate HD symptoms.  

 

Specific objectives 

1. To examine the frequency and magnitude of CAG repeat instability in large normal, 

reduced and full penetrance HD alleles drawn from the Portuguese population 

 

2. Assessment of the CAG repeat site itself and other neighboring common genetic 

variation  

2.1. to test association with differences in HD repeat instability or AO of motor 

symptoms  

2.2. to characterize genetic diversity and origins of the HD mutation in the Portuguese 

population  

 

3. To replicate, in a large collection of HD samples of European origin, the association of 

candidate variants in the PPARGC1A, GRIN2A and GRIN2B genes and to consider the 

potential role of functional variants in genes involved in the dopaminergic pathway  

 

4. To evaluate the contribution of expanded polyQ repeats known to cause other 

neurodegenerative disorders to the etiology of HD 

 

5. To test the potential overlap of the biology that is modulated by HTT CAG repeat with 

the complex biology that determines other neurological disorders, namely, amyotrophic 

lateral sclerosis (ALS) and bipolar disease (BP) 

 

6. To validate, using a mouse model, the effect of a previous HD associated linkage 

region at human chromosome 6q23-24 
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Huntington’s Disease Repeat Instability 

We examined the frequency and magnitude of HTT CAG repeat instability in order to 

characterize and understand the genomic and clinical context of repeat instability in the 

Portuguese population and HD families.  

We found that while in control chromosomes drawn from the Portuguese population 6% 

carried large normal alleles and only one out of 1,772 had a reduced penetrance allele, 

about 12% of consultants who went through HD pre-symptomatic testing carried either 

large normal (7%) or reduced penetrance (5%) alleles [Article 1]. Since these ranges of 

alleles are relatively frequent in the Portuguese population, it is important for genetic 

counseling of affected families to understand the extent of their instability. Therefore, we 

traced 13 parent – offspring transmissions of alleles sized 27 to 39 CAGs in 12 families 

[Article 1]. All 10 large normal alleles were stably transmitted, while one of three (7.7%) 

reduced penetrance alleles showed instability; specifically, a 39 CAG allele contracted to 

38 units when transmitted from a father to his son. Seven small full penetrance alleles (40 

to 42 repeats) were seen to contract into the reduced penetrance range, with most (five) 

being maternal transmissions [Article 1]. 

Intergenerational instability was also assessed in 134 transmissions from 100 

Portuguese HD families. In this study we confirmed a major influence of the gender of the 

transmitting parent and of the original size of the CAG tract in HD repeat instability, but not 

the gender of offspring in our population [Article 2]. We reported two large CAG 

expansions from large repeats, supporting a high intergenerational instability of these 

repeats even if maternally transmitted; and also one of the largest expansions that 

resulted in an allele class change, from reduced into full penetrance [Article 2].  
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Article 1: Large normal and reduced penetrance alleles in Huntington disease: instability 

in families and frequency at the laboratory, at the clinic and in the population. 

 

Sequeiros J, Ramos EM, Cerqueira J, Costa MC, Sousa A, Pinto-Basto J, Alonso I. 

 

Clin Genet 2010, 78 (4):381-387. 
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Article 2: Intergenerational instability in Huntington disease: extreme repeat changes 

among 134 transmissions. 
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Huntington’s Disease cis-modifiers 

 

Huntington’s Disease normal allele 

Even though it is well known that HD is caused by an expanded HTT CAG repeat and 

that the length of this repeat is strongly correlated with the onset of symptoms, there has 

been much debate in the HD field whether variation within the normal HTT CAG repeat 

can modulate HD pathogenesis. Given the critical implications of such assumptions, we 

tested, using the largest dataset so far, whether the normal allele, the interaction between 

the expanded and normal alleles, or the presence of a second expanded allele could 

influence AO of HD motor signs.  

Our study showed that HD pathogenesis leading to motor symptoms is determined by a 

completely dominant action of the longest expanded allele and that there is clearly no 

additive effect from the second mutant allele in HD “homozygotes” subjects [Article 3]. 

Moreover, our data uncovered the profound effect that even one single CAG outlier 

sample, with a very long CAG repeat and extremely young AO relative to all others, can 

have on the final result when testing for the effects of individual modifier genes. HD cases 

with CAG alleles in the 40 to 53 repeat range, where shown here to yield a well-behaved 

data set that conforms to the fundamental assumptions of linear regression analysis 

(constant variance and normally distributed error) [Article 3]. 
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Article 3: CAG repeat expansion in Huntington disease determines age at onset in a fully 

dominant fashion. 

 

Lee JM, Ramos EM, Lee JH, Gillis T, Mysore JS, Hayden MR, Warby SC, Morrison P, 

Nance M, Ross CA, et al. 

 

Neurology 2012, 78 (10):690-695. 
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Huntington’s Disease haplotypes 

To investigate the origins of the HTT CAG mutation and assess the role of HD cis-

elements as modifiers of repeat instability and AO, we performed extensive haplotype 

studies for the region flanking the HTT gene.  

Detailed analysis of genome-wide SNP data from about 700 HD chromosomes of 

Western/Northern European origin delineated a prominent ancestral haplotype, the most 

frequent HD haplotype also in other studies, that it is marked by the Δ2642 deletion allele. 

This haplotype is enriched in high-end normal/reduced-penetrance CAG alleles that 

exhibit unstable germ-line transmission and can give rise to new cases of HD. However, 

these HTT haplotypes were not associated with altered CAG-repeat length distribution or 

AO of motor symptoms, arguing against common cis-regulatory elements modulating HD 

pathogenesis [Supplementary Article 1].  

We have used some of the highly informative SNPs and single tandem repeat (STR) 

markers spanning a ~1Mb region around HTT to infer the phased haplotype of over 300 

unrelated multiplex HD families of Portuguese origin. Our study revealed a variety of 

haplotypes in this population, where genetic diversity decreased as CAG repeat size 

increased, with large normal allele chromosomes sharing the same major haplotypes as 

the HD chromosomes [Article 4]. One of these haplotypes, marked by the HTT Δ2642 

deletion, was actually shared by the two biggest HD expansions observed in our set 

[Article 2], implying some level of historical germ-line instability. To test this hypothesis we 

genotyped additional Southern-European families from South Tyrolean isolated 

populations in Italy. We observed the occurrence of intergenerational repeat instability in 

non-pathological repeat range alleles in the other major haplotypes, arguing against cis-

elements mediating CAG repeat instability and de novo expansions [Article 4].  
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Abstract Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder 

characterized by involuntary choreic movements, cognitive impairment and behavioral 

changes. It is caused by the expansion of an unstable CAG repeat in the HTT gene. In 

this study we characterized the genetic diversity of the HD mutation in the Portuguese 

population, by performing an extensive haplotype analysis of ~1Mb region flanking the HD 

gene, in over 300 HD families with Portuguese origin. We observed high haplotype 

diversity in both normal and expanded chromosomes, representative of more than one 

ancestral chromosome underlying HD in Portugal, where multiple independent events 

have given rise to the expansion into HD allele range. One of the haplotypes (core 

haplotype A) marked by the HTT delta2642 deletion, was enriched in HD chromosomes 
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and seemed to be particularly prone to expansion (shared by the two largest expansions 

reported in the Portuguese population). However, a closer look at normal HD alleles with 

higher CAG repeats revealed a higher similarity in the extended haplotype with HD alleles. 

We also observed that one of the largest (+12 CAGs) expansions resulting in an allele 

class change into full penetrance happened on a core haplotype B. These findings 

suggest that these range of alleles are a reservoir for new HD mutations, independent of 

the haplotype. To further support this hypothesis, we have also looked at unstable 

transmissions observed in an isolate population from Italy, and observed that in the non-

pathological allele range instability occurs in other haplotypes besides haplotype A.  

 

Introduction Huntington’s disease (HD) is a dominantly inherited neurodegenerative 

disorder, usually of adult onset, characterized by involuntary choreic movements, 

cognitive impairment and behavioral changes. HD is caused by the expansion of an 

unstable polymorphic CAG repeat in the HTT gene located on chromosome 4p16.3 [1], 

with alleles between 35-39 repeats showing incomplete penetrance while alleles with 40 

or more repeats are fully penetrant. Alleles with fewer than 35 CAGs are considered to 

produce no symptoms of HD. HD age-at-onset (AO) of clinically diagnosed symptoms is 

inversely correlated with the number of expanded CAGs; repeat length alone explains 

about 50-70% of the variance in AO [2], while the remaining variance in AO is highly 

heritable. Expanded CAG repeats are prone to further length variation, while most normal 

size CAG repeats are stably inherited. However, there are conflicting reports about the 

degree of instability of high-normal alleles, a subclass of normal alleles with repeats 

between 27 and 35 CAGs. Several studies have shown that these alleles can also be 

unstable [3-5], while in the Venezuelan kindred and Portuguese population these alleles 

were mostly stably inherited [6, 7]. 

Several haplotype studies in HD families of different ethnic populations, have investigated 

the origins of HD by constructing haplotypes that included only a few polymorphisms in 

the HTT region, mainly the adjacent proline repeat and the deletion of a glutamic acid 

residue at position 2642 (delta2642) [8-13]. More recently, two studies have characterized 

in more detail the genetic diversity around the HTT region. Warby et al. found that 95% of 

(268 European) disease chromosomes are associated with the same haplotype 

(haplotype A), which is also significantly enriched (83%) on high-normal alleles (27-35 

CAGs) relative to general population [14]. They hypothesized that cis-acting factors have 

a major predisposing influence on HD CAG instability. In a subsequent study, they found 

that in East Asia (China and Japan) most HD chromosomes are associated with a minor 

HD European haplotype (haplotype C) [15]. More recently these authors have shown that 
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HD chromosomes from white and mixed African HD populations were mostly associated 

with haplotype A, while in black Africans HD occurred predominantly on haplotype B and 

C [16]. The European HD haplotypes (A1 and A2) were absent in both Asian and African 

general population. The authors argued that different HTT haplotypes have different 

mutation rates and that the geographic differences in the haplotypes explain the difference 

in HD worldwide prevalence. In a different study, Lee et al., identified 40 single nucleotide 

polymorphisms (SNPs) centered on the HTT gene that showed genome wide-significance 

for association with HD. Their findings revealed that even though the HTT region exhibits 

many different haplotypes, one apparent ancestral haplotype, marked by the HTT 

delta2642 deletion, accounted for about 50% of HD chromosomes and extended to at 

least 938Kb on about half of these [17]. However in this study, neither the extended 

shared haplotype nor the individual local HTT haplotype were associated with altered 

CAG-repeat length distribution or residual age at onset for motor symptoms. The major 

haplotype identified in this study has been previously associated with sporadic cases of 

HD in “new mutation” families [4].  

A small haplotype study in 140 HD Portuguese families, showed three different HD 

founder haplotypes associated with 7- (most frequent among normal and HD 

chromosomes), 9- and 10-CCG repeats, suggesting the possibility of different origins for 

the HD mutation among the Portuguese population [18]. Following up these findings, and 

in order to characterize in more detail the genetic diversity and gain more insight on the 

origins of the HD mutation in the Portuguese population, we performed an extensive 

haplotype analysis of the region flanking the HD gene, in over 300 HD families with 

Portuguese origin.  

 

Material and Methods  

Portuguese HD families. DNA samples were collected at CGGP, a reference laboratory 

for HD testing in Portugal, which receives biological samples from physicians all over the 

country for confirmation/exclusion, pre-symptomatic and prenatal testing for HD. A total of 

apparently independent 334 Portuguese HD families, consisting of 531 individuals, were 

used for haplotype studies. It consisted of 441 individuals with an expanded HD allele 

(sixteen of which had a repeat in the reduced penetrance range), 18 with a high-normal 

HD allele (27-35 CAGs) and 72 unaffected relatives (<27 CAGs). Informed consent was 

obtained from all the individuals that participated in this study.  

Non-HD families: MICROS study. The MICROS study is a population-based survey 

carried out in three small isolated villages of the Val Venosta, South Tyrol, in Italy. The 

villages of Stelvio, Vallelunga and Martello were selected for their geographical and 
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historical isolation. A detailed description of the MICROS study can be found in Pattaro et 

al [19]. Briefly, DNA was collected from over 1,400 volunteers and genealogical 

information was reconstructed, by means of church records and municipality lists, going 

back to the 1600s (15 generations).  

Selection and markers genotyping. Selection of the majority of the markers used in this 

study was based on previous work from our lab that showed that these markers were 

overrepresented on HD chromosomes [17]. Genotyping of nine SNPs (rs6814736, 

rs7667745, rs1751848, rs762847, rs7658462, rs3129317, rs1730768, rs12641989 and 

rs16844364; Figure 1) flanking the HD gene was performed by real-time polymerase chain 

reaction (PCR) using the commercially available Taqman Genotyping probes (Applied 

Biosystems, Foster City, CA) carried out on the LightCycler ® 480 (Roche Diagnostics, 

Mannheim, Germany), following manufacturer’s instructions. Repeat sizes of the HD CAG 

repeat, proline repeat and D4S127 and genotyping of the in/del polymorphism (delta2642) 

were determined by using previously established, but slightly modified, PCR amplification 

assays, using fluorescently labelled primers [20-23]. The size of the fragments was then 

determined using the ABI PRISM 3730xl automated DNA Sequencer (Applied 

Biosystems, Foster City, CA) and GeneMapper version 3.7 software. For each marker, a 

set of sequenced samples was used as standards.  

Haplotype phasing. PHASE software (http://stephenslab.uchicago.edu/software.html) 

version 2.1 was used to reconstruct haplotypes from genotypic data when the phase could 

not be directly inferred by family structure. Haplotypes were reconstructed by 

incorporating the genotypes of SNPs rs6814736, rs7667745, rs1751848, rs762847, 

rs7658462, rs31293, rs1730768, rs12641989 and rs16844364, as well as the repeat sizes 

of the D4S127 and the CCG repeat encoding proline (as a microsatellite locus). The 

genotypes of the HD CAG repeat mutation (expanded or normal) and the delta2642 

polymorphism (insertion or deletion) were also included. Phase-known haplotypes were 

taken in account and only haplotype pairs with a PHASE probability greater than 0.8 were 

used for further analyses.  

Statistical analysis. Since the HTT CAG distribution and repeat-length variation among 

the different core haplotypes did not display a normal distribution, these two variables 

were analyzed and compared between haplotypes by using nonparametric tests: the 

independent samples Kruskal-Wallis test and the independent samples median test. All 

the statistical analyses were performed using PASW Statistics 18 (SPSS Inc., Chicago, 

IL). 
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Results  

Extended ~1Mb haplotype shared by 19% of Portuguese HD chromosomes. We 

extracted genotypes from a region of 1.04 Mb around the HD gene for 805 independent 

chromosomes, from which we were able to generate 786 haplotypes after phasing, for 317 

HD and 469 control chromosomes. In the extended haplotype, which incorporates the 

entire 1.04Mb region around HTT, we included SNPs rs6814736, rs7667745, rs1751848, 

rs762847, rs7658462, rs3129317, rs1730768, rs12641989 and rs16844364, the proline 

repeat and the delta2642 deletion. We were able to construct complete phased 

haplotypes at all these eleven loci for 193 HD and 267 control chromosomes. The 

remaining HD and control chromosomes were not considered in this first analysis because 

some chromosomes were missing genotypes or could not be ambiguously phased at all 

loci. In the Portuguese HD chromosomes, we found 39 different extended haplotypes, with 

the top 4 haplotypes (haplotypes 1 to 4 in Figure 1) present in almost 50% of all the 193 

HD chromosomes, while only shared by 18% of all the 267 control chromosomes 

(Supplementary Table 1 and 2). The most common of these extended HD haplotypes, 

haplotype 1, which was shared by 36 out of 193 (18.7%) HD chromosomes but only in 10 

out of 267 (3.8%) control chromosomes, includes the delta2642 deletion allele, shown 

previously to be enriched in HD chromosomes [8, 13, 21, 24], and the 7-CCG repeat, most 

frequent in both mutated and normal Western-European alleles [9, 13, 18, 25, 26]. The 

second and third most common HD haplotypes (haplotype 2 and 3) were, respectively, the 

third and fourth most frequent haplotypes on the control chromosomes (haplotype 2 

accounted for 14.5% of the HD and 7.1% of control chromosomes, while haplotype 3 

represented 6.7% of HD and 5.6% of control chromosomes). The other HD major 

haplotype, haplotype 4, was present in 6.2% of all HD chromosomes and was relatively 

rare in the control chromosomes (1.87%). Out of the 39 haplotypes found in the HD 

chromosomes, 21 were not found in the control chromosomes and were present in about 

¼ of all HD chromosomes. On the other hand, we found 68 different extended haplotypes 

in our Portuguese control chromosomes (Supplementary Table 2). From these, only 18 

haplotypes were also found on the HD chromosomes. The two most frequent extended 

haplotypes on the control chromosomes, haplotype 9 (15.4%) and haplotype 20 (7.87%), 

were shared by only 3.1% and 1.55% of all HD chromosomes. Neither of these haplotypes 

(9 and 20) included the delta2642 deletion codon allele. Noteworthy, we found a higher 

genetic diversity among the control chromosomes, where 50 low frequency haplotypes 

accounted for 45% of normal chromosomes.  

Enrichment of core haplotype A among Portuguese HD chromosomes. In order to 

understand if some of the rarer HD haplotypes could derived from any of the four major 



 

Genetic modifiers of Huntington’s disease 65 

 

 
Results – Article 4 

 

  

extended haplotypes, we grouped the haplotypes based in a smaller region (318Kb) 

around the HD CAG repeat that included rs762847 (164Kb upstream of the HD CAG 

repeat), the adjacent CCG proline repeat and the delta2642 polymorphism (154Kb 

downstream the repeat), as shown in Figure 1. The 317 independent haplotypes found in 

the HD chromosomes were combined into eight different “core” haplotypes (haplotypes A 

to H in Figure 1). Haplotypes found in the control chromosomes but not on the HD 

chromosomes were grouped together and designated “other”. Two major core haplotypes 

(A and B) accounted for more than 60% of all Portuguese HD chromosomes (Figure 2). 

Core haplotype A, which included among others the most common extended haplotype 

(haplotype 1), was present in about ¼ of all HD chromosomes while only present in 6% of 

the control chromosomes. Notably, almost all the chromosomes (63 out of 68 genotyped 

for the D4S127 marker) in this core haplotype A included 157-bp allele for the D4S127 

marker, a single tandem repeat (STR) previously shown to be highly associated with the 

HD mutation [27], suggesting that these chromosomes are indeed ancestrally related. 

Also, we observed that ~80% chromosomes within this core haplotype shared the 

complete downstream region (up to 362Kb downstream the HD CAG repeat), while there 

was more diversity in the region upstream the marker rs762847 (Figure 3). Even though 

core haplotype A included the most common extended haplotype, core haplotype B 

(without the delta2642 deletion allele) is the most frequent core haplotype and is equally 

represented among HD (38%) and control (33%) chromosomes. By typing the additional 

STR marker proximal to the CAG repeat, we observed that most of the HD chromosomes 

(83 out of 107 genotyped for the D4S127 marker) included in this core haplotype shared 

the same 155-bp allele, while in the control chromosomes we observed more diversity 

with three frequent alleles, 153-, 155- and 157bp alleles corresponding to respectively, 

24.1%, 28.6% and 42.9% of the control chromosomes genotyped for D4S127 within core 

haplotype B. This finding reflected the higher genetic diversity observed among the control 

chromosomes both upstream and downstream of the CAG repeat (Figure 3). On the other 

hand, one of the most frequent core haplotypes among control chromosomes (27%), core 

haplotype D, was present only in 11% of the HD chromosomes, and most chromosomes 

within this core haplotype shared the 151-bp STR allele. Most of the genetic variability in 

this core haplotype was observed upstream of the HD CAG repeat (Figure 3). HD 

chromosomes within core haplotype C had a similar frequency to the control 

chromosomes (15% and 17%, respectively). However, while in the HD chromosomes, the 

STR revealed the presence of two possible variants within these chromosomes, one with 

the same 151-bp allele (38%), and other with the 155-bp allele (42%), most of the control 

chromosomes (54 out of 65 genotyped for the D4S127 marker) had the 151-bp allele.  
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High-normal alleles of the major haplotypes genetically closer to HD alleles. The 

CAG repeat sizes for all the chromosomes of core haplotypes A to D are shown in Figure 

4. We observed that core haplotype A occurs on chromosomes with repeat sizes ranging 

from 9 to 73 repeats, with a distribution shifted toward higher repeat sizes (median CAG= 

42.0, IQR 40.0 to 45.0), while in core haplotypes C and D the distribution was shifted 

toward smaller repeat sizes (median=19.5, IQR 17.0 to 42.0, core haplotype C; 

median=18.0, IQR 17.0 to 23.0, core haplotype D). Core haplotype B, the most frequent 

core haplotype in both HD and control chromosomes, ranged from 12 to 87 CAG repeats 

with a median of 24.5 repeats (IQR 18.0 to 42.0). Both distributions (Independent samples 

Kruskal Wallis Test, p<0.001, and medians Independent samples median test, p<0.001) of 

the HD CAG repeat were significantly different across the four different core haplotypes. 

Even considering only chromosomes in the normal HD CAG repeat range (<36 CAG 

repeats), core haplotype A showed a higher median CAG repeat size than the other 3 

major core haplotypes (26.0, core haplotype A vs.18.0, core haplotype B; 17.0, core 

haplotype C; 17.0, core haplotype D). When comparing the extended haplotype of the 

control chromosomes with higher CAG repeats (20-35 CAG repeats), we observed that for 

the two core haplotypes with higher variability among control chromosomes (haplotype B 

and C), these higher CAG alleles shared a greater percentage of identity with the 

correspondent extended haplotype (haplotype 2 and 4, respectively). Noticeably, in 

haplotype B higher CAG chromosomes had a higher percentage of the 155-bp STR allele, 

present in 81% of all HD chromosomes within this haplotype, while the lower CAG 

chromosomes had mostly STR alleles 153-bp and 157-bp.  

HD haplotypes and repeat instability. We were able to collect intergenerational 

instability data for 83 of the families included in this study and looked at the associated HD 

haplotype of 41 maternal and 42 paternal transmissions (Table 1). In this subset of HD 

transmissions, the mean repeat-length variation was +0.59 (±4.14) for maternal and +2.69 

(±4.46) for paternal transmissions. For the core haplotype A, we observed a mean repeat-

length variation (+2.2 for maternal and +4.9 for paternal transmissions) numerically 

greater than the overall (and other core haplotypes) for both maternal and paternal 

transmissions, although there were no significant differences between groups. 

Furthermore, both the largest maternal (+25) and paternal (+24) transmission observed in 

Portuguese families [28] shared the same core haplotype A. However, the paternal 

transmission reported to be one of the largest (+12) expansions involving a reduced 

penetrance allele (36 CAGs) that resulted in a full penetrance allele (48 CAGs) [28], 

occurred on a core haplotype B. 
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Unstable normal alleles and haplotypes. We determined the HD CAG repeat for about 

1,300 members of an Italian population isolate [19] with complete genealogy information 

up to 15 generations. We were able to trace 472 transmissions of the HTT CAG repeat 

from 120 closely related “nuclear families”. From these, we only found two unstable 

transmissions of normal range HTT CAG alleles in one “nuclear family” (Figure 5, Family 

1). In this consanguineous family (with a common ancestor within 4 meiosis), the paternal 

23 CAG repeats allele on haplotype C contracted 1 repeat, while the maternal 20 CAG 

repeat allele on haplotype B contracted 2 CAG repeats. We also observed an unstable 

transmission of a high-normal HD CAG repeat (a 32 CAG allele expanded to 33 CAG 

repeats), which occur on a haplotype C chromosome inherited from the father (Figure 5, 

Family 2). We were also able to trace 22 transmissions of the HTT CAG repeat, from 13 

closely related “nuclear families”, that were associated with the del2642 allele (that 

marked haplotype A and also the rare haplotypes E and G). The transmitted HTT CAG 

repeat had mostly repeat sizes between 20 to 24 CAG repeats, while in two sibships was 

associated with a 12 CAG repeat allele. None of these HTT CAG repeat transmissions 

associated with the del2642 allele were unstable. 

 

Discussion Originally, it was believed that the HD mutation emerged among Western 

Europeans [29], mainly due to the highest rates of HD in this population. However, after 

the discovery of the HD causal mutation, subsequent analysis of the HTT region showed 

that the geographical variation in prevalence might be correlated with the frequency of 

certain polymorphic alleles that resulted on a variety of independent and not easily related 

HD haplotypes, suggesting different origins for the HD mutation [8, 13, 30].  

Even though, in our study, we focused on a particular and restricted population from 

Portugal in the South of Europe, we found 39 different extended haplotypes in the 

Portuguese HD chromosomes. Despite this diversity, about 19% of all HD chromosomes 

shared an identical haplotype (haplotype 1) that extended over 680Kb downstream and 

362Kb upstream the HD CAG repeat and was marked by the delta2642 deletion allele. 

This major HD haplotype corresponds to the most frequent HD haplotype defined in earlier 

studies, and seems to be the same or extremely similar extended haplotype found to 

account for about 25% of a set of 699 European HD chromosomes [17]. The fact that we 

can observed such a high proportion of HD chromosomes sharing an identical SNP 

haplotype in such an extended region and in even apparently closed related populations 

(Western-European versus Southern-European) but shown to have intra-European 

variation in allele frequency [31], reflects the low recombination rate across this 1Mb 

region. 
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As shown in previous studies [8, 13, 21, 24], we found an increased frequency of the 

delta2642 deletion allele among the Portuguese HD chromosomes, present in almost 27% 

of all HD chromosomes whereas only 6% of the control chromosomes had this rare allele. 

This suggests that some of the 39 HD haplotypes bearing the delta2642 deletion allele 

might be related and that recombination events lead to a greater genetic diversity on the 

~1Mb region around the HD gene. Therefore, we reduced the region of interest to a 

smaller core of 318Kb around the HD repeat itself. By restricting our haplotype 

reconstruction to this smaller region, we were able to group related extended haplotypes 

and retrieve eight different core haplotypes associated with HD chromosomes, with four 

major haplotypes accounting for almost all HD and control chromosomes. These 4 major 

core haplotypes are not easily related to each other anymore: haplotype A (enriched in 

HD) is the only bearing the delta2642 deletion allele, while haplotype D (enriched in 

controls) is the only with a 10-CCG repeat. Furthermore, by looking at the STR marker 

upstream the HD repeat, we observed a nonrandom allelic association between the HD 

chromosomes with core haplotypes (A, B and D) and D4S127. Haplotype A and D are 

marked, respectively, by the 157-bp and 151-bp allele, in both HD and control 

chromosomes, while haplotype B is associated mainly with the 155-bp allele. This marker 

seems to be pretty stable and even though slippage can happen it occurs in a clearly 

small enough percentage that linkage disequilibrium can still be detected and therefore 

also the correspondent extended haplotype. These two observations reinforce the view 

that many of the haplotypes observed in our population, represent indeed independent 

events that lead to HD mutation.  

In a more detailed analysis of the four different haplotypes, we also observed some 

genetic variability in the region flanking the HTT gene among chromosomes within the 

same lower resolution haplotype, suggesting that multiple occurrences of the CAG 

expansion seemed to have happened within the same haplotype. Variants within each 

refined haplotype are easily related to the correspondent extended haplotype and can be 

mostly found in the pool of different haplotypes in the normal population, suggesting that 

rare events and mechanisms like recombination, gene conversion and/or slippage altered 

the original haplotype found in the normal population, that afterwards due to 

slippage during DNA replication expanded into the HD repeat range. Our data suggests 

that this variability may be explained by the occurrence of not only one of these 

mechanisms but rather, for a given haplotype, the pool of HD chromosomes may have 

arisen through a combination of various different events. For example, in haplotype C, we 

found an absence of some of the extended variants found in the HD chromosomes, 

suggesting that these are not due to independent events but rather to the occurrence of 
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more than one recombination event (mostly double recombination) in addition to slippage 

in the STR. We cannot exclude genetic admixture that would also explain the introduction 

of these new genetic lineages into the Portuguese population.  

Early HD studies have suggested that particular haplotypes, mainly marked by the 

delta2642 deletion allele and/or the 7-CCG allele, seemed to be particularly predisposed 

to expansion that eventually would result in a repeat allele within the HD range, supported 

by an enrichment of repeats in the high normal range in these particular haplotypes [8, 9, 

13, 18, 32]. We observed that, also in our Portuguese control chromosomes, the 

haplotype marked by 7-CCG and delta2642 deletion alleles (haplotype A) had a higher 

median CAG repeat length than any of the other three major haplotypes (with most of the 

normal alleles ranging from 20 to 33 repeats). As suggested by others, it appears to be 

HTT haplotypes where the HD mutation is more likely to occur. Even though we cannot 

ruled out the hypothesis that cis-acting factors have a major predisposing effect on the 

instability of the HD repeat, it is also possible that haplotype A - which is present in only 

6% of the control chromosomes, has a bias toward higher repeat alleles as a result of 

genetic drift [33]. Repeat-length variation is strongly related to the initial parental CAG 

size, therefore a larger average repeat size would make haplotype A more likely to expand 

and become a new HD mutation. Indeed, this specific haplotype seemed to be particularly 

prone to expansion as it was interestingly shared by the two highest expansions observed 

in the Portuguese population (a +24 paternal and a +25 maternal transmission). However, 

we also observed a large paternal expansion on haplotype B (+12 CAGs) that resulted in 

a repeat class change from reduced to full penetrance range. Furthermore, both 

haplotypes B and C carried alleles with really large repeats. Actually, the highest repeat 

size in this study was observed in haplotype B (87 CAG repeats), suggesting that also 

these haplotypes seem to be prone to big expansions, not found in this particular study 

probably due to missing information on these pedigrees. To further support this 

hypothesis, we compared the extended haplotype of high normal CAG repeats (>20 

CAGs) in all four major haplotypes and observed that these shared a higher percentage of 

similarity with HD chromosomes than shorter CAG repeat alleles, suggesting that instead 

of a predisposing haplotype, there is a pool of high normal alleles in each different founder 

haplotype more prone to give rise to HD alleles. In an isolate population from Italy [19] we 

were able to trace 472 transmissions of HTT CAG repeats in the normal range, and only in 

three instances the repeat was unstably transmitted. In concordance with what we 

observed in the HD chromosomes, these unstable transmissions happened in normal 

chromosomes with haplotypes B and C, showing that in the non-pathological allele range 

instability also occurs in other haplotypes. Interestingly, in a total of 22 normal 
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chromosomes associated with the delta2642 deletion allele (that marks haplotype A and 

also the rare haplotypes E and G) all of the normal HTT CAG repeats were stably 

transmitted.  

In our study, we observed high haplotype diversity in both normal and expanded 

chromosomes, representative of more than one ancestral chromosome underlying HD in 

Portugal, where multiple independent events have given rise to the expansion into HD. 

Normal HD alleles with higher CAG repeats had a higher similarity in the extended HTT 

4p16.3 region with HD alleles, independent of the haplotype, suggesting as expected that 

these range of alleles are a reservoir for new HD mutations. Haplotype A, marked by the 

HTT delta2642 deletion, was enriched in HD chromosomes (4-fold increase) and seemed 

to be particularly prone to expansion, supported by the fact that control chromosomes with 

this haplotype had the highest median CAG repeat length and was associated with the 

two biggest expansions observed in the Portuguese population.  
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Tables and Figures 

 

Table 1. Transmission of the expanded HD repeat in major core haplotypes A to D 

Core haplotype All A B C D 

Maternal transmissions 

Transmissions, n 41 10 12 10 8 

Range of transmitted allele (CAGs) 

 (mean)  

40-73 

(44) 

42-73  

(47) 

40-54 

(43) 

40-65 

(45) 

41-46 

(43) 

Unstable transmissions, n  28 7 7 7 6 

Contractions, n 15 4 3 4 3 

Expansions, n 13 3 4 3 3 

Repeat-length variation, mean 

Range 

+0.59 

-2 to +25 

+2.20 

-2 to +25 

+0.50 

-2 to +4 

-0.10 

-2 to +2 

-0.13 

-2 to +1 

Paternal transmissions 

Transmissions, n 42 9 19 5 7 

Range of transmitted allele (CAGs) 

 (mean)  

36-52 

(42) 

41-52 

(44) 

36-51 

(42) 

39-46 

(42) 

38-43 

(42) 

Unstable transmissions, n  31 8 12 4 5 

Contractions, n 4 0 3 0 1 

Expansions, n 27 8 9 4 4 

Repeat-length variation, mean 

Range 

+2.69 

-2 to +24 

+4.89 

0 to +24 

+2.00 

-2 to +12 

+1.40 

0 to +3 

+1.71 

-1 to +7 
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Figure 1.  Schematic map of the polymorphisms around the HD gene used for the haplotype 

reconstruction. A region of 1.17Mb flanking the HD gene is represented, showing the location of 

nine SNPs highly associated with HD chromosomes (rs6814736, rs7667745, rs1751848, rs762847, 

rs7658462, rs3129317, rs1730768, rs12641989 and rs16844364) and microsatellite marker 

(D4S127). In the HD gene, besides the CAG repeat itself it was also included in this study the 

adjacent proline repeat and the in/del polymorphism (delta2642). The four most common HD 

extended haplotypes (1 to 4) and the eight different core haplotypes (A to H) found on HD 

chromosomes are shown, along with the allele of each of the markers that define each haplotype. 
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Figure 2.  Frequency of core haplotypes among HD and control chromosomes. The 

frequencies of each core haplotype (A to H) on HD (n=317) and control (n=469) chromosomes are 

shown, as well as the frequency of control chromosomes bearing “other” core haplotypes (light 

grey). The remaining (unfilled) represents the frequency of chromosomes where the core haplotype 

could not be unambiguously determined.  
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Figure 3. Overview of the extended ~1Mb region in each core haplotype (A to D) for both HD 

and control chromosomes. The darkest color corresponds to the genotypes that defined the core 

haplotype (around the HD CAG repeat) and are delimited by boxes. The light color represents the 

loci that shared the same allele as the correspondent extended haplotype (haplotype A: extended 

haplotype 1, haplotype B: extended haplotype 2, haplotype C: extended haplotype 4 and haplotype 

D: extended haplotype 3, as well as the rare haplotypes E and G: extended haplotype 1), while the 

grey color represents loci that have a different allele at that position. The white color corresponds to 

missing genotypes or not ambiguously phased loci. The chromosomes for each core haplotype 

were sorted based on the associated D4S127 allele (first chromosomes with: 157bp for haplotypes 

A, E and G; 155bp for haplotype B; 151bp for haplotypes C and D – represented in dark color; and 

for haplotype C followed by chromosomes with 155bp – in darker blue; then by chromosomes with 

other D4S127 genotypes – in grey and chromosomes with missing genotypes – in white) and then 

by similarity of the extended haplotype. Arrows mark normal alleles with more than 20 CAGs.   

 

 

 

 



 

78 Genetic modifiers of Huntington’s disease 

 

 
Results – Article 4 

 

  

 

 

Figure 4. HD CAG distribution for all chromosomes with the major core haplotypes A to D. In 

our set of chromosomes, the median CAG repeat for core haplotype A was 42.0 (n=101), B was 

24.5 (n=268), C was 19.5 (n=126) and D was 18.0 (n=155). And we observed the same trend, even 

by including only normal range allele sizes (<36 CAGs), were the median normal CAG size for core 

haplotype A was 26.0 (n=23), 18.0 for B (n=149), 17.0 for C (n=77) and 17.0 for D (n=119). For 

haplotype C, we separated the 126 chromosomes based on their D4S127 genotype: from bottom to 

top, 151bp in dark blue, 155bp in darker blue, other in grey and missing genotype in white. The 

median CAG repeat for haplotype C associated with 151bp D4S127 allele was 17.0 (n=70) and 

with 155bp was 42.5 (n=20). 
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Figure 5. Pedigrees and haplotypes from two families in the MICROS study that carried 

unstable non-pathological HD alleles. Grey and colored symbols indicate samples that were 

genotyped, with the colored ones indicating individuals that carried an unstable allele (blue 

indicates that the unstable allele was associated with haplotype C and brown corresponds to 

haplotype B). Haplotypes of 4 markers spanning the HD gene (core-haplotype: rs762847 - D4S127 

- HD CAG repeat - CCG repeat - delta2642, from top to bottom) are shown, with the unstable 

alleles haplotype boxed in the corresponding haplotype color (brown: haplotype B, blue: haplotype 

C). 
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Supplementary material 

 

Supplementary Table 1. Percentage of the extended haplotypes in 193 HD chromosomes.  

Haplotype ID Extended haplotype sequence 
Number of 

chromosomes 
Percentage Core halotype 

1 CGGA7delTGGAA 36 18.65 A 

2 GCAA7nCGAGG 28 14.51 C 

3 GCGG10nCAGGG 13 6.74 E 

4 GCAG7nCGAGG 12 6.22 D 

5 GCAA7nCGAGA 8 4.15 C 

6 GCAA7nCAGGG 7 3.63 C 

7 GCAA7nCGGGG 7 3.63 C 

8 GGGA7delTGGAA 7 3.63 A 

9 GCAG10nCAGGG 6 3.11 E 

10 GGGG7nCAGGA 6 3.11 D 

11 CGGA7delTGGGG 4 2.07 A 

12 CGGA7nCGAGG 4 2.07 C 

13 GCGA7nCGGGG 4 2.07 C 

14 GCGG7nCAGGG 4 2.07 D 

15 GCGG7nTGAGG 4 2.07 D 

16 GGAA7nCGAGG 4 2.07 C 

17 CCGG7nCGAGG 3 1.55 D 

18 CGGA7delTGGAG 3 1.55 A 

19 GCAA7nCAGGA 3 1.55 C 

20 GCGA7nCAGGG 3 1.55 C 

21 GGAA7nCGAGA 3 1.55 C 

22 CGAA7delTGGAA 2 1.04 A 

23 GCAG8nCAGGG 2 1.04 F 

24 GCGA7delCAGGG 2 1.04 A 

25 GCGA7nCGGGA 2 1.04 C 

26 GCGG7nTGGGA 2 1.04 D 

27 GGGA7nCAAGG 2 1.04 C 

28 CGGA7delCAGGG 1 0.52 A 

29 CGGA7nCGGGG 1 0.52 C 

30 GCAA7delTGGAA 1 0.52 A 

31 GCAG10delCAGGG 1 0.52 G 

32 GCAG7delTGGAA 1 0.52 B 

33 GCGA7delTGGAA 1 0.52 A 

34 GCGA7nCGAGA 1 0.52 C 

35 GCGG7nCAGGA 1 0.52 D 

36 GCGG7nCGAGG 1 0.52 D 

37 GGAA7delTGGAA 1 0.52 A 

38 GGAA7nCGGGA 1 0.52 C 

39 GGGA7delTGGAG 1 0.52 A 
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Supplementary Table 2. Percentage of the extended haplotypes in 267 control chromosomes.  

Haplotype ID Extended haplotype sequence 
Number of 

chromosomes 
Percentage Core haplotype 

9 GCAG10nCAGGG 41 15.36 E 

20 GCGA7nCAGGG 21 7.87 C 

2 GCAA7nCGAGG 19 7.12 C 

3 GCGG10nCAGGG 15 5.62 E 

14 GCGG7nCAGGG 14 5.24 D 

6 GCAA7nCAGGG 13 4.87 C 

1 CGGA7delTGGAA 10 3.75 A 

36 GCGG7nCGAGG 8 3.00 D 

8 GGGA7delTGGAA 7 2.62 A 

40 GCAA9nCGAGA 7 2.62   

7 GCAA7nCGGGG 6 2.25 C 

41 GCAG10nTAGGG 6 2.25 E 

4 GCAG7nCGAGG 5 1.87 D 

13 GCGA7nCGGGG 4 1.50 C 

42 GCAG7nTAGGG 4 1.50 D 

43 GCGG10nCGAGG 4 1.50 E 

44 GGAA7nCAGGG 4 1.50 C 

45 GGAG10nCAGGG 4 1.50 E 

23 GCAG8nCAGGG 3 1.12 F 

33 GCGA7delTGGAA 3 1.12 A 

46 GCAG10nCAAGG 3 1.12 E 

47 GCGA10nCAGGA 3 1.12 H 

48 GCGA7nCAGGA 3 1.12 C 

49 GCGA9nCGAGG 3 1.12   

50 GGAA7nCAAGG 3 1.12 C 

34 GCGA7nCGAGA 2 0.75 C 

51 CCGG7nCAGGG 2 0.75 D 

52 CGAA7nCAGGG 2 0.75 C 

53 CGAG7nTGGGA 2 0.75 D 

54 GCAA10nCAGGG 2 0.75 H 

55 GCAG10nCAGAA 2 0.75 E 

56 GCAG10nCAGGA 2 0.75 E 

57 GCAG8nTGGGA 2 0.75 F 

58 GCAG8nTGGGG 2 0.75 F 

59 GCGA10nCAGGG 2 0.75 H 

60 GCGA7nTGGGG 2 0.75 C 

12 CGGA7nCGAGG 1 0.37 C 

16 GGAA7nCGAGG 1 0.37 C 

29 CGGA7nCGGGG 1 0.37 C 

61 CCAA7nCGAGG 1 0.37 C 

62 CCGA7delTGGAA 1 0.37 A 

63 CCGA7nCAAGG 1 0.37 C 

64 CGAG10nCGAGG 1 0.37 E 

65 CGGA7nCAGGG 1 0.37 C 
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Haplotype ID Extended haplotype sequence 
Number of 

chromosomes 
Percentage Core haplotype 

66 CGGA7nTGGGG 1 0.37 C 

67 CGGG10nCAGGG 1 0.37 E 

68 CGGG7nCGAGA 1 0.37 D 

69 GCAA7delTGAGG 1 0.37 A 

70 GCAA7nCAAGA 1 0.37 C 

71 GCAA7nCAAGG 1 0.37 C 

72 GCAA7nTAGGG 1 0.37 C 

73 GCAA9nCAAGG 1 0.37   

74 GCAA9nCAGGG 1 0.37   

75 GCAA9nCGGGG 1 0.37   

76 GCAG10nCGAGA 1 0.37 E 

77 GCAG7nCAAGG 1 0.37 D 

78 GCAG7nCAGGG 1 0.37 D 

79 GCAG7nCGAGA 1 0.37 D 

80 GCAG7nTGGGA 1 0.37 D 

81 GCAG7nTGGGG 1 0.37 D 

82 GCGA7nCAAGG 1 0.37 C 

83 GCGA7nCAGAA 1 0.37 C 

84 GCGA8nCAAGG 1 0.37   

85 GCGG10nCAGGA 1 0.37 E 

86 GCGG7nTAGGA 1 0.37 D 

87 GCGG7nTAGGG 1 0.37 D 

88 GGGG10nCAGGG 1 0.37 E 

89 GGGG7nCAGGG 1 0.37 D 
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Huntington’s Disease trans-modifiers 

 

Huntington’s Disease candidate modifier genes 

In the search for modifiers, about 20 loci have been implicated in AO or progression of 

HD, though with different results in different studies. We have critically evaluated, in one of 

the largest collection of HD samples of European origin, the effect of some of the most 

compelling candidates on residual AO (corrected for CAG size) of HD symptoms. 

Additionally, we assessed the potential role of variants in genes of the dopamine pathway 

known to have a functional impact in a pathway that is known to be disrupted in HD, and 

also the contribution of expanded polyQ repeats known to cause other neurodegenerative 

disorders. 

Our thorough analysis of the effect of rs7665116 in the mitochondrial regulator 

PPARGC1A gene, revealed that when examined by origin, our Southern and Western 

European HD samples differed for minor allele frequency (MAF) - consistent with an 

ancestry tagging-SNP; and, despite similar mean CAG sizes, Southern European samples 

had an older mean AO - revealing phenotype stratification [Article 5]. Therefore and in 

order to avoid the dramatic effect of phenotypic (AO) and genotypic (MAF) stratification in 

our HD association studies, we used a population-specific regression analysis, where 

models were adjusted for ancestry. These candidate genes association studies did not 

provide strong evidence to support a modulator role in AO of HD motor manifestations for 

variations neither within the PPARGC1A [Article 5] nor the glutamatergic and 

dopaminergic genes [Article 6]. We also did not find an evident genetic association of HD 

with expanded CAG repeats in any of the polyQ disease genes analyzed. However, a 

small proportion of the HD subjects carried extremely rare SCA2 intermediate alleles, 

recently shown to be associated with other neurological diseases [Article 7].  
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Article 5: Population stratification may bias analysis of PGC-1α as a modifier of age at 

Huntington disease motor onset. 

 

Ramos EM, Latourelle JC, Lee JH, Gillis T, Mysore JS, Squitieri F, Di Pardo A, Di Donato 

S, Hayden MR, Morrison PJ, et al. 
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Article 6: Candidate glutamatergic and dopaminergic pathway gene variants do not 

influence age at motor onset of Huntington’s disease. 
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Running title PolyQ disease genes in HD patients 

 

Abstract Huntington’s disease (HD) is a dominantly inherited neurodegenerative disorder 

caused by an abnormal extended polyglutamine stretch in the huntingtin protein. At least 

eight additional neurodegenerative disorders have been associated with expanded 

polyglutamine domains in different proteins. The allele size responsible for these so called 

polyglutamine disorders have been pointed out as possible pathogenesis contributors in 

diverse neurodegenerative disorders. To evaluate the contribution of other expanded 

polyglutamines to the etiology of HD, we determined the CAG length of six other 

polyglutamine disease genes known to cause different forms of spinocerebellar ataxia 

(SCA) - ATXN1, ATXN2, ATXN3, CACNA1A, TBP and ATN1 - in a large and well-

characterized cohort of 1471 Caucasian individuals with HD. We found seven HD cases 
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that carried intermediate SCA2 alleles, known to be associated with parkinsonism and 

amyotrophic lateral sclerosis in addition to cerebellar ataxia, and extremely rare in the 

general population. Three cases carried reduced to fully penetrant SCA17 alleles. 

Otherwise, CAG allelic distribution did not differ between HD cases and controls. Though 

our results do not support an obvious genetic association between HD and CAG repeat 

length in the investigated genes, it cannot be ruled out that, in some individuals with HD, 

SCA2 and SCA17 disease-associated alleles may contribute to disease phenotype.  

 

Keywords Huntington’s disease; polyglutamine disorders; Neurodegenerative disorders; 

Triplet repeats 

 

Introduction Huntington’s disease (HD) is one of at least nine dominantly inherited 

neurodegenerative disorders caused by the abnormal expansion of an unstable 

polymorphic CAG repeat in the translated region of disease-specific genes, resulting in the 

production of proteins with expanded polyglutamine (polyQ) domains. This family of 

disorders, commonly known as polyQ diseases, is characterized by a constant 

progression of symptoms that usually appear later in life, with age-at-onset and severity 

being inversely correlated with the size of the CAG repeat1. Even though both normal and 

mutant proteins are ubiquitously expressed, neurons are extremely sensitive to the 

progressive accumulation of mutant proteins causing specific dysfunction and eventually 

death of specific types of neurons in each polyQ disease2. These shared features suggest 

a common toxic effect related to the expanded polyQ sequence that has an important role 

on the mechanisms leading to the disease. The exact mechanism of pathogenesis 

remains uncertain, but several mechanisms have been proposed for the pathogenesis of 

polyQ diseases, including cleavage into toxic fragments, protein misfolding and 

aggregation and dysregulation of transcription2. Another possible mechanism involves the 

alteration of the protein conformation due to the expanded polyQ, resulting in aberrant 

protein-protein interactions. These aberrant interactions may include interactions of the 

expanded polyQ with other polyQ proteins, as it has been shown that polyQ proteins have 

higher tendency to interact with other polyQ proteins3. Despite all the common aspects, 

each polyQ expansion causes different neurodegeneration and phenotypic profiles as the 

disease-causing proteins share no homology outside the polyQ domain and have different 

subcellular localization, abundance, structure and function4. 

In the present study, we sought to determine whether expansions in other polyQ disease 

genes were associated with HD and could contribute to the disease. We tested the 

possible effect of some analogous polyQ expansions in HD by determining the CAG 
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repeat length of six additional polyQ disease genes: ATXN1, ATXN2, ATXN3, CACNA1A, 

TBP and ATN1 in a large and well-characterized cohort of HD patients.  

 

Material and Methods  

Subjects. This study comprised a total of 1471 HD cases and 609 “non-HD” control 

subjects from the observational study The Cooperative Huntington Observational 

Research Trial (COHORT). This is a cohort study conducted on members of families 

affected by HD in the United States, Canada and Australia, which collected demographic 

and clinical data on all participants5. All subjects included in this study were unrelated and 

self-reported as Caucasian.  

Genotyping. CAG repeat lengths for each polyQ disease genes were determined by 

polymerase chain reaction (PCR) assays, using fluorescently labelled primers6, with minor 

modifications. PCR products were run on an ABI PRISM 3730XL automated DNA 

Sequencer (Applied Biosystems, Foster City, CA) and analysed using GeneMapper 

version 3.7 software. A set of genomic DNA standards was sequenced for each polyQ 

repeat and used to provide CAG allele size standards. Expansions above the normal 

repeat range were sequenced after gel separation to further confirm the number of CAGs 

and the presence of CAA/CAT interruptions.  

Statistical analysis. Two-tailed Fisher’s exact test was used to compare each polyQ 

disease gene CAG repeat frequency between HD and control chromosomes. The 

statistical analyses were performed using PASW Statistics 18 (SPSS Inc., Chicago, IL). 

 

Results To evaluate the potential contribution of other polyQ repeats in HD, we 

determined the CAG repeat length in six polyQ genes associated with spinocerebellar 

ataxias (SCA): ATXN1, ATXN2, ATXN3, CACNA1A, TBP and ATN1. Both HD and control 

chromosomes carried CAG repeats within the non-pathological range for mostly all the 

polyQ disease genes, with the exception of ATXN2 and TBP (Table 1).  

The ATXN2 gene contains a variable CAG repeat with non-pathological alleles ranging 

from 14 to 31 triplets (22-23 alleles account for about 98% of normal alleles) and 

expansions of more than 34 triplets causing SCA2. ATXN2 alleles with 32 to 34 CAGs are 

considered intermediate, with reduced penetrance and a variable expressivity. Seven out 

of 1463 HD patients had an ATXN2 allele in the intermediate range: one with 32 repeats 

and six with 33 repeats, accounting for 0.55% of the HD cohort. Only one out of 608 

(0.16%) control individuals carried an intermediate ATXN2 allele with 33 CAGs. 

Sequencing of the eight alleles with >32 CAGs showed that they were all interrupted with 
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one CAA triplet. Despite the fact that the prevalence of intermediate ATXN2 alleles is 

numerically higher in HD patients, we did not observed significant differences in the 

ATXN2 polyQ lengths between HD cases and controls (Table 1).  

In the TBP gene, the normal CAG repeat range reported is from 25 up to 42 triplets, while 

alleles with 49 or more repeats are fully penetrant and are known to cause SCA17 and 

expansions between 43 and 48 repeats show incomplete penetrance. Among the 1126 

cases with HD genotyped for the TBP CAG repeat, three individuals (0.27%) carried 

pathological SCA17 alleles: two within the reduced penetrance range (43 and 45 triplets) 

and one fully penetrant allele (49 triplets). On the other hand, we only observed one 

reduced penetrance allele (44 triplets) among 420 control individuals. We did not 

observed significant differences in the TBP polyQ lengths between HD cases and controls 

(Table 1). 

 

Discussion The phenotypic and molecular overlap that exists between HD and other 

polyQ disorders has implied that these family of disorders may share common pathogenic 

processes initiated by DNA repeat mutations at distinct genetic loci. Our current study 

aimed at determine the prevalence of expanded CAG repeats in polyQ disease genes in a 

well-characterized cohort of individuals diagnosed with HD, to assess whether these 

alleles may, or may not, contribute to the variable phenotypes (expressivity) and/or age-at-

onset of HD. Though there wasn’t a significant difference in the allele distribution for the 

loci assessed, we found ten HD cases in our cohort that carried expanded CAG alleles in 

two other polyQ disease genes, SCA2 and SCA17. 

SCA2 is mainly characterized by gait and limb ataxia and a marked slowing of saccadic 

eye movement, that are caused by a pure CAG repeat of more than 34 triplets. Borderline 

ATXN2 expansions interrupted with CAA triplets were observed as the cause of Levo-

dopa- responsive Parkinson’s disease7 and have more recently been associated with 

increased risk for amyotrophic lateral sclerosis (ALS)8-10 and tauopathy progressive 

supranuclear palsy11. We have found seven HD cases that carried ATXN2 expansions of 

32-33 repeats and even though there wasn’t a significant difference in the frequency of 

this range of alleles between our HD cases and controls, it has been previously shown 

that these intermediate repeats are extremely rare in control subjects (3 out of 4877 

healthy Caucasian control subjects11). All the intermediate SCA2 alleles observed in our 

HD cases had one CAA interruption, as it was described for intermediate alleles 

associated with parkinsonism and ALS. Most of these HD cases presented, at baseline, 

mild to moderate slowing of the saccade velocity, mild dysartria and moderate to severe 
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gait impairment, clinical features that overlap with SCA2 phenotype. Furthermore, one of 

these cases also presented bilateral rest tremor and drug induced parkinsonism.  

We have also found, in our cohort, three HD cases that carried expanded SCA17 alleles. 

This SCA is typically characterized by ataxic gait and dysarthria, with personality changes, 

depression, cognitive impairment, epilepsy and chorea12. Hence, SCA17 is also classified 

as a HD-like syndrome. It is caused by CAG/CAA repeat expansions in the gene encoding 

the TATA-box binding protein (TBP), which is an important transcription initiation factor. 

Previous studies, have shown that both TBP and huntingtin proteins are part of the 

insoluble protein fraction from postmortem HD brains, implying a potential functional 

overlap of these proteins13,14. It is possible, therefore, that these individuals, with both the 

HTT CAG repeat expansion and the SCA17 CAG expansion, may have a distinct clinical 

presentation, compared to typical HD individuals, without SCA17 expanded alleles. 

Unfortunately, it was not possible to obtain detailed clinical information to evaluate this 

possibility. But these results encourage further assessment of SCA17 in HD patient 

cohorts.  

Our results do not support an evident genetic association between HD and expanded 

CAG repeats in the polyQ disease genes we analyzed. We did, however, observe that a 

small proportion of HD patients carried SCA2 intermediate alleles, reinforcing common 

pathways resulting in polyQ-mediated neurodegeneration. Therefore, further studies 

examining the prevalence of intermediate SCA2 alleles in a larger cohort of HD and 

healthy controls and its association with different HD features, such as age-at-onset, may 

help uncover a possible effect of the CAG repeat at ATXN2 on the etiology of HD. 
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Table 

 

Table 1. Prevalence of other polyQ disease repeats in Huntington’s disease and control 

subjects. 

PolyQ gene 

Huntington’s Disease  Controls 

Differences in polyQ 

length in HD vs. control 

PolyQ  

length observed 

Number of 

chromosomes 

 PolyQ  

length observed 

Number of 

chromosomes 

ATXN1 

(SCA1) 
21-38 CAGs

a
 2328 

 
25-38 CAGs

a
 860 No 

ATXN2 

(SCA2) 

13-31 CAGs
a
 

32-33 CAGs
b
 

2919 

7 

 13-31 CAGs
a
 

33 CAGs
b
 

1215 

1 
No 

ATXN3 

(SCA3) 
14-41 CAGs

a
 2350 

 
14-44 CAGs

a
 872 No 

CACNA1A 

(SCA6) 
4-15 CAGs

a
 2302 

 
4-15 CAGs

a
 852 No 

TBP 

(SCA17) 

25-42 CAGs
a
 

43-45 CAGs
c
 

49 CAGs
d
 

2252 

2 

1 

 27-41 CAGs
a
 

44 CAGs
c
 

 

840 

1 

 

No 

ATN1 

(DRPLA) 
4-25 CAGs

a
 2298 

 
6-25 CAGs

a
 860 No 

Abbreviations: PolyQ, polyglutamine; SCA, spinocerebellar ataxia; DRPLA, dentatorubral-

pallidoluysian atrophy. 
a 
Normal, 

b
 Intermediate, 

c
 Reduced penetrance and 

d 
Full penetrance alleles 
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Huntington’s Disease genetic interactions 

HD can cause markedly different patterns of symptoms, including a wide range of 

prominent cognitive and psychiatric disturbances, such that some patients may have 

initially been diagnosed with depressive disorder, BP or schizophrenia. Factors 

modulating the disease mechanism that leads to the onset of these cognitive and 

psychiatric symptoms are probably different from those that are involved in the occurrence 

of chorea and other motor manifestations.  

Recent findings by our group demonstrated an exciting genetic overlap of major 

depressive disorder (MDD) with the HTT CAG triplet repeat, strongly supporting the 

existence of shared biological underpinnings of HD with major psychiatric and 

neurodevelopmental disorders. We have now tested the potential overlap of the biology 

that is modulated by HTT CAG repeat with the complex biology that determines ALS and 

BP, by determining the prevalence of high-end normal/reduced penetrance HTT CAG 

repeats in large cohorts of patients.  

Our results showed that the allele frequencies in sporadic ALS subjects, speculated to 

share with HD similar neurodegenerative pathways, though not clinical symptoms, were 

not significantly different from the non-HD chromosomes and that the HTT CAG repeat 

has no effect on susceptibility to ALS or to its phenotypic manifestations [Article 8]. 

Likewise, the distribution of HTT CAG repeat alleles in DSM-IV diagnosed cases of BP 

patients was similar to that of control individuals screened for psychiatric disease, with an 

allele distribution at the high-end normal/reduced penetrance allele range that can be 

explained by the frequency of major depression in the general population [Article 9]. 

Moreover, our results provided important estimates of the frequency of alleles in the 

general population that may give rise to new HD families. 
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Running title HD CAG repeat in bipolar disorder 

 

Abstract Objectives: Huntington’s disease is a neurodegenerative disorder characterized 

by motor, cognitive and psychiatric symptoms that are caused by HTT CAG trinucleotide 

repeat alleles of 35 or more units. A greater than expected prevalence of incompletely 

penetrant HTT CAG repeat alleles among individuals diagnosed with major depressive 

disorder has raised the possibility that related psychiatric disorders could also be 

associated with Huntington’s disease. Methods: Here we have assessed the distribution of 

HTT CAG repeat alleles in bipolar disorder, a mood disorder that typically includes 

depressive as well as manic or hypomanic episodes. HTT CAG allele sizes from 2,229 

Caucasian individuals diagnosed with DSM-IV bipolar disorder were compared to allele 

sizes in 1,828 control individuals.  Results: We found that HTT CAG repeat alleles greater 

than 35 units were observed in only one of 4,458 chromosomes from individuals with 

bipolar disorder, compared with three of 3,656 chromosomes from control subjects. 
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Conclusions: These findings suggest, therefore, that the clinical diagnosis of bipolar 

disorder is unlikely to be confounded by Huntington’s disease. 

 

Keywords Huntington’s disease; bipolar disorder; trinucleotide repeat; depression; 

neurodegenerative disease; polyglutamine expansion  

 

Introduction Huntington’s disease (HD) is a dominantly inherited progressive 

neurodegenerative disorder caused by the expansion of an unstable polymorphic CAG 

repeat in the HTT gene (chromosome 4p16.3), resulting in an expanded polyglutamine 

tract in the huntingtin protein (1). Alleles with fewer than 35 CAGs are considered to 

produce no overt clinical symptoms of HD and can be grouped in two categories: stable 

normal alleles (with less than 27 CAGs), and high-normal alleles, which have in some 

cases been reported to expand (27-35 CAGs) upon transmission. A third class of alleles 

between 35-39 repeats shows incomplete HD penetrance while alleles with 40 or more 

repeats are fully penetrant and lead to the onset of HD symptoms. 

HD is mainly characterized by motor, cognitive and behavioral manifestations. The 

psychiatric symptoms that become manifest in many, but not all, HD patients, tend to be 

depression and apathy but mania has also be observed; elevated or irritable mood, 

overactivity, decreased need for sleep, hypersexuality, impulsiveness and grandiosity, and 

severe cases may have delusions and hallucinations (2). Indeed, HD patients who 

alternate between continued periods of depression and mania, interspersed with periods 

of normal mood, have been misdiagnosed with bipolar disorder. This major affective mood 

disorder, which has a prevalence of up to 3% (3) in the general population, features 

episodic periods of abnormally elevated mood states (mania, hypomania, or mixed states) 

and typically depressed states as well. Furthermore, depending upon age of onset and 

severity of clinical symptoms, some bipolar patients may initially be diagnosed and treated 

for major depression (4).  

Recently, we found that HD-associated CAG repeat alleles were overrepresented among 

individuals diagnosed with major depression, estimating that 3.3 in 1,000 individuals 

diagnosed with major depression carry an expanded HTT CAG allele (5). These findings 

highlighted the importance of considering HD in the differential diagnosis of major 

depressive disorder. They also strongly implied that HTT CAG allele sizes, in the reduced- 

and fully- penetrant ranges, may act to sensitize individuals to the effects of genetic or 

environmental factors in the general population that contribute to the manifestation of 

clinical depression both in HD patients and in individuals diagnosed with major depressive 

disorder. Here we have evaluated whether there may, or may not, be an overlap in the 
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underlying genetic architecture of the biology of HD and bipolar disorder. We determined 

how often individuals diagnosed with bipolar disorder carry HTT CAG alleles that are 

associated with HD, by genotyping the HTT CAG repeat in 2,529 individuals with a DSM-

IV diagnosis of bipolar disorder.  

 

Material and Methods  

Bipolar disorder cohort. The patient cohort comprised a total of 2,529 individuals 

diagnosed with bipolar disorder. From these, 1,277 individuals were diagnosed with 

bipolar I (mainly characterized by episodes of mania) while 760 had bipolar II (alternated 

episodes of hypomania and major depression). In this cohort, 57.1% (1,443) were women 

and 88.6% had Caucasian, 6.6% African and 2.2% Asian (self-reported) ancestry.  

Control cohort 1. This cohort comprised the normal chromosomes 4 of a large cohort of 

4,007 HD individuals, utilized previously in studies that assessed the HTT CAG repeat 

allele distribution in major depression and amyotrophic lateral sclerosis patients (5, 6). 

These chromosomes, with the shorter non-expanded HTT CAG repeat alleles (less than 

35 repeats), should reflect the distribution of HTT CAG alleles in the general population as 

HD is a true dominant disorder (7) that is relatively rare (estimated at 1 in 7-10,000 

Caucasian individuals).  

Control cohort 2. A cohort of 1,288 psychiatrically-screened controls (with no diagnosis 

of bipolar disorder or schizophrenia) and 547 DNA samples derived from anonymous cord 

blood donors, were used as control group 2 (8). In this control group all individuals were 

Caucasian (self-reported) and 49.0% (899) were women.  

Genotyping. HTT CAG repeat allele sizes were determined by a polymerase chain 

reaction (PCR) amplification assay, using fluorescently labelled primers, as previously 

described (9). The PCR products were run on an ABI PRISM 3730XL automated DNA 

Sequencer (Applied Biosystems, Foster City, CA) and analysed using GeneMapper 

version 3.7 software. A set of genomic DNA standards for which HTT CAG repeat number 

had been confirmed by DNA sequencing, was used to provide CAG allele size standards.  

Statistical analysis. Fisher’s exact test was used to compare HTT CAG repeat frequency 

between the bipolar disorder individuals and each of the two different comparison control 

cohorts. We compared the repeat frequency of normal (with less than 27 CAGs) and high-

normal alleles (27-35 CAGs), as well as stable normal alleles and alleles with a tendency 

to expand (>26 CAGs). The HTT CAG distribution was also analyzed using the 

nonparametric Mann-Whitney U test, since the samples did not display a normal 
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distribution. All the statistical analyses were performed using PASW Statistics 18 (SPSS 

Inc., Chicago, IL). 

 

Results In the group of individuals with bipolar disorder, the HTT CAG repeat range 

varied between nine to 36 repeats, with two out of 5,032 chromosomes having 35 CAG 

repeats (end of high-normal range) and only one chromosome carried a reduced-

penetrance allele with 36 CAG repeats. The individual carrying a 36 CAG repeat was 

diagnosed with bipolar II, while the two individuals with 35 CAG repeats were bipolar I and 

II cases. In order to characterize the prevalence of HTT CAG repeats in bipolar disorder, 

we used as comparison group for the CAG repeat frequency and distribution, 4,007 non-

HD control chromosomes (control cohort 1) that was also the subject of a prior analysis of 

major depressive disorder (5). As previously reported, the non-HD control chromosomes 

HD CAG range varied between nine and 34 HTT CAG repeats (5, 6) with none of these 

chromosomes having 35 or more CAG repeats. The allele frequencies in the bipolar 

disorder individuals were not significantly different from the non-HD control chromosomes 

(Fisher’s exact test: normal versus high-normal alleles, p=0.86 and normal versus >26 

CAGs, p=0.99) (Table 1). However, comparison of the distributions of the allele sizes, 

assessed using the nonparametric Mann-Whitney U test, revealed a statistically significant 

difference between the non-HD control and bipolar disorder chromosomes (Mann-Whitney 

U test, p= 0.036) (Figure 1).  

Since the cohort 1 control group, comprising the non-HD chromosomes from HD patients 

(defined as 34 or fewer repeats) may underestimate the true frequency of alleles of 35 or 

more CAG repeats in the general population, we genotyped a second large control cohort, 

comprising 1,288 psychiatrically-screened controls and 547 cord blood DNA samples. In 

this control cohort 2, the HTT CAG repeat ranged from nine to 37 CAG repeats, with three 

alleles having high-end normal alleles (35 CAGs) and three alleles in the reduced 

penetrance range (one 36 CAG and two 37 CAG repeat alleles) (Table 1). When 

comparing allele frequencies of bipolar disorder subjects with this set of control 

individuals, there was a significant difference when comparing both normal versus high 

normal (Fisher’s exact test, p=0.011) and normal versus >26 HD CAG alleles (Fisher’s 

exact test, p=0.08) alleles.  

To evaluate whether the apparent under-representation of high-end normal and HD-

associated alleles in the bipolar disorder cases might reflect population stratification due to 

ancestry differences between the disease cases and the control samples (all self-reported 

Caucasian), we excluded from the bipolar disorder cohort all samples of non-Caucasian 

origin. This yielded a total of 4,458 chromosomes from Caucasian individuals diagnosed 
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with bipolar disorder. In this final set, the HTT CAG range and frequency of high-end 

normal and reduced penetrance alleles remained similar (sizes from nine to 36 repeats, 

with a single reduced-penetrance allele). After controlling for ancestry, there was a 

significant difference between the allele frequency of normal versus high-normal and 

normal versus >26 CAG repeat alleles (Fisher’s exact test, p= 0.040 and p=0.030 

respectively). However, the Mann-Whitney U test revealed no significant difference in the 

distributions of the HTT CAG allele sizes between the control and bipolar disorder 

Caucasian chromosomes (Mann-Whitney U test, p= 0.216) (Figure 2).   

 

Discussion The genetic architecture of major psychiatric disorders is complex. One 

genetic contributor highlighted by psychiatric symptoms in a proportion of HD patients, 

may be the HTT CAG repeat, at least in the range of allele sizes reported to be associated 

with a clinical diagnosis of HD. We speculate that these HTT CAG repeat alleles, which 

encode a functionally important run of polyglutamines in the huntingtin protein (10), may 

sensitize certain individuals in the general population to genetic and environmental factors 

that increase the risk of developing particular psychiatric symptoms. For example, 

overrepresentation of HD-associated CAG alleles appears to further increase the risk of 

developing depression, such that HD should be considered in the clinical diagnosis of 

major depression (5). Our current study aimed to determine the prevalence of HD-

associated HTT CAG repeat alleles in a clinical population of individuals diagnosed with 

bipolar disorder, to determine whether these alleles may contribute to the genetic 

architecture of this major affective mood disorder, which, in addition to episodes of mania 

(seen in some HD patients) features depressive episodes. 

Our results disclosed that 1 in 2,229 individuals, or about 0.45 in every 1,000 individuals, 

diagnosed with bipolar disorder carry an expanded HTT CAG allele in the range that has 

been associated with development of clinical symptoms of HD, whereas our results 

demonstrate that approximately 1.64 in every 1,000 individuals from the general 

population carry an expanded HTT CAG allele, a value similar to that reported in the 

literature (~2.26 in 1,000 in the Portuguese population) (11). Thus, in contrast to major 

depressive disorder, HD seems unlikely to be a significant confound in the differential 

clinical diagnosis of bipolar disorder.  

One caveat to this interpretation, which is relevant to all case-control studies, is the 

composition of the control comparison group, which should be representative of the 

general population and provide the best estimate of the expected disease prevalence. In 

previous studies, we have used as a comparison group the non-HD chromosomes from a 

large collection of individuals diagnosed with HD. We believe this group provides a good 
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representation of the HTT CAG allele distribution in the general population because HD is 

a truly dominant disorder (7) that is relatively rare (~1 in 7-10,000). Therefore, we would 

expect the non-HD chromosome to be drawn from the general population and would not 

expect to find any alleles higher than 35 CAGs in a random set of 5,000 individuals. 

Nevertheless, this selection criterion excludes reduced-penetrant as well as fully-penetrant 

HD alleles, which occur at some level in the general population. To eliminate this potential 

bias, we utilized a second comparison group that included individuals screened to exclude 

bipolar disorder and schizophrenia. The two main advantages of this group are that both 

HTT CAG alleles in all individuals contribute to the allele frequency and these provide an 

optimal match with the bipolar disorder cohort with respect to their geographic and genetic 

origin, thereby avoiding, or at least decreasing, the contribution of the effects of population 

stratification in the analysis. This is important because there are significant geographic 

differences in the prevalence and distribution of the HTT CAG repeat, related to different 

ancestral HTT haplotypes (12, 13). The modal HTT CAG repeat length in European and 

East Asian populations is 17 while African populations have a broader HTT CAG 

distribution, with most of the alleles having 15 CAG repeats (14, 15). However, despite the 

apparent advantages, the criteria used to select this second cohort may themselves 

introduce different biases into the analysis. About 2/3 of the individuals included in this 

non-psychiatric control group did not have a DSM-IV diagnosis of bipolar disorder and 

schizophrenia, while 1/3 control group represented anonymous cord blood samples. While 

the latter may represent general population, the former is not a true random sample. 

Furthermore, none of these controls were screened for major depression disorder. The 

lifetime prevalence of major depression is roughly 17% (16), therefore we cannot exclude 

the possibility that the reduced penetrance HD alleles observed in this cohort could be 

associated with individuals with major depression; previously reported to have an 

enrichment of these alleles (5). In addition, the level of neurologic examination and 

collection of family neurological history may not have been sufficient to exclude a 

diagnosis of HD. 

Our results do not support an obvious association between HTT and bipolar disorder. This 

stands in contrast to the overrepresentation in individuals diagnosed with major 

depressive disorder. This apparent difference, thereby, implies that in some respects 

bipolar disorder and major depression may have distinct genetic architectures; with only 

the latter being sensitive to the effects of the HTT CAG repeat. Further studies examining 

the prevalence of the HTT CAG repeat in other psychiatric disorders, such as 

schizophrenia, among others, may help uncover a possible common genetic mechanism 
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in a subset of disorders that is sensitive to the effects of the CAG repeat that is the root 

cause of HD.  
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Tables and Figures 

 

Table 1.  HTT CAG repeat alleles in bipolar disorder 

 

Normal HD allele 

(<27 CAGs) 

High normal HD allele 

(27-35 CAGs) 

At risk HD allele 

(>35 CAGs) 

Bipolar Disorder chromosomes 4890 (97.18%) 141 (2.80%) 1 (0.02%) 

Caucasian 4326 (97.04%) 131 (2.94%) 1 (0.02%) 

Control chromosomes    

Cohort 1 3869 (96.56%) 138 (3.44%) 0 (0%) 

Cohort 2 3515 (96.14%) 138 (3.77%) 3 (0.08%) 

 

 

 

Figure 1. HTT CAG repeat length in 4,007 non-HD control chromosomes (cohort 1) and 5,032 

bipolar disorder chromosomes. Insert shows a zoomed view of high-normal and reduced 

penetrance HD CAG alleles (27 to 38 CAG repeats). 
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Figure 2. HTT CAG repeat length in 3,656 control chromosomes (cohort 2) [from 1,288 

psychiatrically-screened and 547 cord blood control samples] and 4,458 bipolar disorder 

chromosomes, where all individuals have Caucasian origin. Insert shows a zoomed view of 

high-normal and reduced penetrance HD CAG alleles (27 to 38 CAG repeats). 
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Validation in Huntington’s Disease Experimental Models 

Hdh knock-in mice, expressing the full-length HD mutant protein, replicate precisely the 

CAG repeat mutation in the mouse homolog and is therefore one of the best model 

systems to help define the mechanism of action of the genetic variation that has a modifier 

effect. Furthermore, since modifier genes require the presence of the conditioning 

mutation, chromosome substitution strains (CSS) are a valuable cross-species functional 

approach for experimental validation and study of human modifier loci from unbiased 

human genetic studies, which typically are large making it hard for unbiased gene-by-gene 

analyses.  

Seeing that initial linkage analyses have identified a large linkage region on the human 

6q23-24 region, we have now evaluated the potential functional effect of variants in this 

region in the onset and severity of early effects of the CAG repeat mutation. For that, we 

bred C57BL6/J Hdh CAG repeat knock-in mice with CSS10 mice to generate an F1 cross 

of HdhQ111/+B6.AJ10 mice, that carries one chromosome 10 (chr10) that is A/J but the rest 

of the genome is C57BL6/J. By comparing a relatively small number of HdhQ111/+B6 and 

HdhQ111/+B6.AJ10 F1 mice, we demonstrated that the presence of a single A/J chr10 

(corresponding to the human chromosome 6) could mildly alter early, dominant and CAG 

length-dependent HD phenotypes, such as HTT somatic liver instability and the 

appearance of NIIs of mutant huntingtin, while it did not seem to affect other phenotypes, 

such as body weight and levels of DARPP-32 in medium-spiny neurons [Article 10].  
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Abstract Huntington’s disease (HD) is an autosomal dominant neurodegenerative 

disorder characterized by motor, cognitive and psychiatric manifestations. Even though 

HD is caused by the expansion of an unstable polymorphic CAG repeat in the HTT gene, 

the disease expression and its timing are clearly modifiable by other factors. In order to 

evaluate the effect of a previously HD associated linkage region at the large 6q23-24 

interval, we used a novel human-mouse cross-species approach. This unbiased strategy 

employs C57BL/6J (B6J) HdhQ111 knock-in mice, which precisely replicate the HD 

mutation, and the C57BL/6J-chr10A/J/NaJ chromosome substitution strain (CSS10), in 

which chromosome 10 (chr10), in synteny with the human 6q23-24 region, is derived from 

the A/J (AJ) strain while the other chromosomes are derived from the B6J recipient strain. 

We crossed wild type CSS10 and B6J mice with HdhQ111/+ knock-in mice to ask whether 



 

Genetic modifiers of Huntington’s disease 139 

 

 
Results – Article 10 

 

  

dominantly acting chr10 AJ-B6J variants were sufficient to alter a panel of early, dominant 

and CAG length-dependent phenotypes. Our results revealed that the presence of a 

single copy of an AJ chromosome had significant effects on the rate of body weight, 

regardless of the HD mutation, and in HdhQ111 had mildly effects on the levels and patterns 

of somatic CAG instability in the liver and the appearance of mutant neuronal nuclear 

inclusions, as well as DARPP-32 levels in medium-spiny neurons. These findings suggest 

a potential mild chr10-wide effect on some of the mechanisms involved in the HD 

pathogenesis, and encourage a larger study with CSS10 and sub-strains. We believe that 

the use of a CSS panel to screen for modifiers in HD knock-in mice might help guide the 

unbiased human genome scan studies and speed up the discovery of candidate genes 

that delay HD phenotypes and could therefore have a tremendous therapeutic impact. 

 

Keywords Huntington’s disease; knock-in mice; consomic mouse; genetic modifiers 

 

Introduction Huntington’s disease (HD) is a dominantly inherited progressive 

neurodegenerative disorder, usually of adult onset, characterized by involuntary choreic 

movements, cognitive impairment and behavioral changes. It is caused by the expansion 

of an unstable polymorphic CAG repeat in the HTT gene [1]. The expanded CAG repeat is 

the major determinant of age-at-onset (AO) of motor symptoms, such that the longer the 

repeat the earlier the onset. It explains about 50-70% of the variance in motor AO [2-4], 

while the remainder (residual AO) is highly heritable strongly implying the existence of 

genetic factors that modulate the rate of the pathogenic process that leads to onset of 

symptoms [5-7].  

In the never ceasing search for modifier genes that could explain the residual onset of HD 

symptoms, a whole-genome scan in affected HD sibling pairs, the HD-MAPS study, has 

provided strong evidence for a quantitative trait loci (QTL) at the human chromosomal 

region 6q23-24 modifying neurological onset [8, 9]. This 6q23-24 interval contains at least 

128 known and predicted genes [8], making it hard to test the potential association of each 

gene with HD. Therefore, and in order to screen and validate this region for genetic 

modifiers of HD onset, we decided to take advantage of a recent mouse model approach 

used to identify and validate QTLs, the chromosome substitution mouse strains (CSSs). 

These mice, commonly referred as CSSi, carry both copies of a chromosome i from a 

donor strain, e.g. A/J (AJ), while all other chromosomes from the host strain, e.g. 

C57BL/6J (B6J) are intact and homozygous [10]. By testing mice from a CSS strain for a 

phenotype of interest it can be immediately inferred that phenotypic differences between 

the CSS and the host strain implies that at least one QTL resides on the substituted 
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chromosome. The same principle can be used to identify regions carrying potential 

genetic modifiers of a particular phenotype. The cross between CSSs mice and mice 

carrying a mutation known to cause a human disease, such as the HdhQ111 knock-in mice 

[11, 12] that replicates the HD genetic mutation, provides an ideal model to study genetic 

factors in the substituted chromosome that may influence disease phenotypes, such as 

the onset of HD symptoms. The HdhQ111 knock-in mice exhibit accurate expression of 

mutant huntingtin and display early presymptomatic phenotypes that are dominant over 

the normal protein, CAG repeat length-dependent and occur with strong selectivity in 

medium spiny neurons (MSNs) [13, 14], key features of the human HD mechanism. 

Theoretically, a difference in any of these phenotypes between the F1 progeny and 

parental knock-in mice implies that at least one or more genetic modifiers of HD reside on 

the substituted chromosome.   

In this study, we sought to explore and validate the previous association of the human 

6q23-24 region with HD onset. Since the human chromosome 6 is in synteny with the 

mouse chromosome 10 (chr10), we used a cross between CSS10 mice and our HdhQ111 

knock-in mice to generate progeny with one copy of an AJ chr10 and heterozygous for the 

HD mutation in an otherwise complete B6J background. By comparing these F1 mice with 

our HdhQ111 knock-in mice we are testing if chr10 AJ-B6J genetic variants are sufficient to 

alter early, dominant and CAG length-dependent phenotypes, such as Htt CAG somatic 

instability [12, 15, 16], intranuclear inclusions of mutant huntingtin [14] and expression of 

dopamine- and cAMP-regulated phosphoprotein, 32 kDa (DARPP-32).  

 

Material and Methods  

Mice. In this study we obtained from The Jackson Laboratories (Jackson Laboratories, 

Bar Harbor, ME) C57BL/6J-Chr10A/J/NaJ (CSS10) mice that carry both chr10 from strain 

AJ on an otherwise B6J background [10], and wild type B6J mice. HdhQ111 knock-in mice 

used in this study were on a B6J background [11, 12], and the actual Htt repeat size of 

these mice was 139 CAG repeats. As shown in Figure 1, crosses between HdhQ111 knock-

in and wild type (CSS10 and B6J) mice were made in one direction – HdhQ111 male x B6J 

and CSS10 females – in order to control for possible parental effects of the Htt mutant 

allele. Briefly, male heterozygous HdhQ111 knock-in mice were crossed with CSS10 female 

mice in order to generate wild type Hdh+/+.C57BL/6J.Chr10A/J (Hdh+/+B6J.AJ10) and 

mutant HdhQ111/+.C57BL/6J.Chr10A/J (HdhQ111/+B6J.AJ10) mice that carried one chr10 from 

strain AJ on an otherwise B6J background. Subsequently, the same male heterozygous 

HdhQ111 knock-in mice were crossed with B6J female mice in order to generate wild type 

Hdh+/+.C57BL/6J (Hdh+/+B6J) and mutant HdhQ111/+.C57BL/6J (HdhQ111/+B6J) mice on a 
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complete B6J background. Animal experiments were performed to minimize pain and 

discomfort, under an approved protocol of the Massachusetts General Hospital 

Subcommittee on Research Animal Care (SRAC, protocol number: 2005N000112). 

Experimental design. From the F1 offspring mice (n=119), we selected two different sets 

of mice for somatic instability (set 1) and immunohistochemistry assays (set 2), with 

groups consisting of both female and male, Htt mutant and wild type mice from both 

B6J.AJ10 and B6J crosses (Supplementary Table 1). Set 1 (n=20) consisted of ten 5 

months old Htt mutant mice per genotype (HdhQ111/+B6J.AJ10 and HdhQ111/+B6J) matched 

by gender (5 female and 5 male per genotype) and Htt CAG repeat size. Set 2 (n=40) 

consisted of ten 5 months old mice per genotype (HdhQ111/+B6J.AJ10, HdhQ111/+B6J, 

Hdh+/+B6J.AJ10 and Hdh+/+B6J) matched by gender (5 females and 5 males per 

genotype) and Htt CAG repeat size. All Htt mutant mice used in this study were 

heterozygous for the Htt CAG mutation. As we could not generate data for all the animals 

in all assays, the number of mice included into the analyses of each test is given in the 

legends. 

Body weight. F1 offspring mice were fed Prolab Isopro RMH 3000 (PMI Nutrition 

International, Brentwood, MO) ad libitum and weighted at weekly intervals from the time of 

weaning (3 weeks) until 5 months (~24 weeks). The following body weight traits were 

analyzed: initial (IW: weight in grams at ~25 days of age), medium (MW: weight in grams 

at ~98 days of age) and final weight (FW: weight at ~169 days of age). We also calculated 

the mean weight gain/day in grams for the first (EWG) and last ~72 days (FWG) and the 

weight gain per day in grams/day (WG), as previously described [17]. 

Genotyping and analysis of somatic instability. Genomic DNA was isolated from fresh-

frozen collected tissues (tail, striatum and liver) using DNeasy Blood & Tissue kit (Qiagen, 

Valencia, CA). Genotyping of the HdhQ111 knock-in allele was carried out using a 

previously established polymerase chain reaction (PCR) amplification assay, with 

fluorescently labelled primers [18]. The size of the PCR products was then determined 

using the ABI PRISM 3730xl automated DNA Sequencer (Applied Biosystems, Foster 

City, CA) and GeneMapper version 3.7 software. All runs included the same control DNAs 

of known Htt CAG repeat size. Somatic instability was quantified from the GeneMapper 

traces as described previously [15]. Briefly, the main allele was identified as the highest 

peak in each analysis and peaks with height less than 20% of the main allele were 

excluded. The peak height of each peak was divided by the sum of the heights of all signal 

peaks and then multiplied by the CAG change relative to the main allele. These values 

were summed to generate an instability index. To qualitatively assess the different 

patterns of repeat instability in liver and striatum, the distance (in CAG repeats) between 
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the two modes and the distance (in CAG repeats) between the constitutive repeat mode 

and the longest repeat was calculated as previously described [16].   

Immunohistochemistry. Coronal sections of paraformaldehyde-perfused and post-fixed, 

gelatin-embedded hemisphere brains were performed at Neurosciences Associates 

(NSALabs, Knoxville, TN) using MultiBrain Technology. With this technology, all mouse 

brain hemispheres were embedded in one single block that was freeze-sectioned at 35µ in 

the coronal plane (throughout the striatum) with a sliding microtome, resulting in free-

floating sections. Designated sections across the striatum were stained with either EM48 

and thionine counterstain or DARPP-32 at 210µ intervals. Bright field microscopy was 

performed with an Olympus BX51 microscope equipped with a Qcolor5 Olympus camera 

and Qcapture image acquisition software. Images that were to be quantified and 

compared were taken with the same exposure times. For the EM48 sections, three 

micrographs (40x objective) were taken from the dorsal medial striatum in three 

consecutive sections from each mouse. The number of nuclear huntingtin inclusions was 

quantified in three striatal areas per mouse and normalized to the number of EM48-

positive cells. For the DARPP-32 sections, micrographs (4x objective) in three consecutive 

sections were taken from each mouse and DARPP-32 intensity was quantified using 

ImageJ image analysis software [19]. 

Statistical analyses. Pairwise comparisons were determined using an upaired t-test or a 

nonparametric unpaired Mann Whitney test (for data that did not display a normal 

distribution). All statistical analyses were performed using GraphPad Prism 6.00 

(GraphPad Software, La Jolla, CA). 

 

Results  

Genetic variance between B6J and AJ strains at mouse chr10. A whole-genome scan 

has provided strong evidence for a QTL, between markers D6S1009 and D6S2436, at the 

human 6q23-24 modifying neurological onset in HD [8, 9]. This region (~16Mbp) includes 

at least 80 different human genes that corresponded to 72 homologue genes in the 

mouse, as annotated in the Ensembl Genome Browser [20]. The human 6q23-24 is in 

synteny with part of mouse chr10 (Figure 2A), comprising 71 of the homologue genes. 

According to the Mouse Genome Informatics database [21], B6J and AJ mice have about 

16,000 allelic differences at chr10 (~131Mbp): 106 non-synonymous, 205 synonymous, 

~14,600 intronic, 576 locus-region (in an untranscribed region flanking a gene: 2Kb 5’ or 

0.5Kb 3’), 316 mRNA-UTR (in the transcript but not in the coding region interval) and 3 

splice-site (in the first or two last bases of an intron) variants (Figure 2B). From these 

variants, nineteen coding non-synonymous SNPs, most probable to have functional 
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impact, are located in twelve homologue genes of human genes located at 6q23-24: 

Mthfd1l, 1700052N19Rik, Katna1, Sash1, Samd5, Epm2a, Utrn, Stx11, Hivep2, Nhsl1, 

Tnfaip3, Ifngr1. 

CAG Instability of HdhQ111 knock-in alleles. Previous studies have shown that in 

HdhQ111 knock-in mice intergenerational CAG repeat length changes with a paternal 

expansion bias [12, 22]. In our study, the Htt mutant allele was transmitted from HdhQ111 

knock-in mice with the same background (B6J) and original CAG repeat length (139 CAG 

repeats). Therefore, as expected, we did observe a paternal expansion bias (74% in 

crosses of HdhQ111 mice with B6J and 82% with CSS10 mice), but no significant repeat 

length difference in the transmission of the Htt 139 CAG knock-in allele to HdhQ111/+B6J 

(mean ± SD =3.04±3.18) and HdhQ111/+B6J.AJ10 mice (mean ± SD =2.25±2.77). Figure 3 

shows the actual CAG repeat size of the HdhQ111 knock-in allele in both HdhQ111/+B6J and 

HdhQ111/+B6J.AJ10 progeny used in this study. HdhQ111 knock-in mice also exhibit CAG 

length, age dependent and tissue specific somatic instability, with significant accumulation 

of expansions in striatum and liver that becomes apparent by 5 months of age [12, 15, 16]. 

In order to evaluate the potential effect of AJ-B6J genetic variants at chr10 in somatic 

instability, we extracted genomic DNA from one stable (tail) and two unstable (liver and 

striatum) tissues from HdhQ111/+B6J and HdhQ111/+B6J.AJ10 mice at 5 months of age. As 

shown in Figure 4A, the Htt CAG repeats in tail were very stable in contrast to striatum and 

liver that showed significant levels of instability, irrespective of chr10 background. 

However, we did find one female HdhQ111/+B6J mouse (with 139 CAG repeats) with an 

unstable CAG repeat in the tail (Figure 4B), where we could observe a distinct population 

of unstable repeats that were evident in the tail already at 3 weeks of age, and in the 

striatum and liver since at least 5 months of age. We excluded this mouse from our 

somatic instability analysis. Next we quantified the levels of repeat instability for each 

tissue using a conservative threshold factor (20% of the highest peak) as it is more 

resistant to the amplification variation that we observed in our study. As shown in Figure 

4C, the highest instability indices were observed in the liver (+11.95±0.81 for HdhQ111/+B6J 

and +12.71±1.03 for HdhQ111/+B6J.AJ10) followed by the striatum (+8.15±1.51 for 

HdhQ111/+B6J and +8.40±1.27 for HdhQ111/+B6J.AJ10). We did not find any significant 

difference for the instability indices, nor for the expansion and contraction indices (data not 

shown) when comparing our two groups of HdhQ111 mice. As previously described [16], the 

patterns of repeat instability differed between liver and striatum: while in the liver we could 

observe a distinct population of unstable CAG repeats, in the striatum these repeats were 

more broadly distributed. To qualitatively characterize these different patterns of repeat 

instability, two additional measurements were made: the distance to the longest repeat 
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(striatum and liver; Figure 4D) and the distance between the two modes (liver, Figure 4E). 

There was no significant difference in the patterns of repeat instability when comparing 

HdhQ111/+B6J and HdhQ111/+B6J.AJ10, however, as for the instability index, we did observe 

a numerically larger distribution of the unstable repeats on the liver of HdhQ111/+B6J.AJ10 

mice. 

Body Weight. In patients with HD, weight loss is often observed in the course of the 

disease [23-27] despite normal to very high caloric intake [28-30]. It is correlated with 

disease progression [31] and patients with higher expanded CAG repeat exhibit more 

rapid loss of body weight [23]. This phenotype has been evaluated in the different HD 

mouse models with contradictory results: while R6/2 mice show considerable weight loss, 

BACHD and YAC128 mice are heavier than wild type mice [32]. In the knock-in HdhQ111 

mice (on a CD1 background), male homozygous showed significantly lower body weight 

than wild type and heterozygous mice at 28 weeks [32]. To assess the potential effect of 

the HdhQ111 mutation (on a B6J background) and of the different genetic background 

(chr10B6J/B6J versus chr10B6J/AJ) we analyzed body weight at three different time stages (3, 

14 and 24 weeks). As shown in Figure 5, wild type B6J mice showed significantly lower 

body weight than wild type B6J.AJ10 mice at 3 weeks of age for both genders (p=0.0008, 

mean IW±SD: 10.02±1.89 versus 13.03±1.74 for females and p<0.0001, mean IW±SD: 

9.22±1.72 versus 13.92±2.29 for males), however, they tended to gain more weight per 

day than B6J.AJ10 mice in the initial exponential growing phase (p=0.0026, mean 

EWG±SD: 0.140±0.021 versus 0.107±0.026 for females and p=0.0034, EWG±SD: 

0.235±0.039 versus 0.181±0.037 for males). We did not observed any significant 

difference in weight gain in the final phase between B6J and B6J.AJ10 mice, resulting in 

similar body weights by week 24 (mean FW±SD: 21.64±1.35 versus 21.99±0.64 for 

females, and 28.35±1.63 versus 30.13±2.03 in males, respectively). There was no 

significant difference in weight at any time point between HdhQ111 mutant and wild type 

mice, for any of the two different chr10 genetic backgrounds and the same results 

observed between wild type B6J and B6J.AJ10 mice were found for mice with these 

backgrounds while carrying a HdhQ111 mutant allele.  

Nuclear mutant huntingtin. Another early, dominant, CAG-length dependent phenotype 

in HdhQ111 mice is the time-dependent immunostaining of mutant huntingtin in the nuclei of 

striatal neurons. Previous studies have detected early (~2.5 months) diffuse-

immunostaining nuclear mutant huntingtin and later (6–12 months) intranuclear inclusions 

of mutant huntingtin amino-terminal fragments, using the anti-huntingtin antibody EM48 

[13, 14, 22]. In order to determine the effect of the chr10 background on the nuclear 

mutant huntingtin we immunostained striatal sections from five-months mice with EM48 
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antibody (Figure 6A). As expected, we did not detect any EM48 staining in the wild type 

mice (Figure 6A, right panel). When comparing Htt knock-in mice we found a similar 

number of nuclei with diffuse mutant huntingtin (data not shown) while we could detect 

already some nuclei with intranuclear inclusions of mutant huntingtin amino-terminal 

fragments (Figure 6A, left panel). We found that, compared to HdhQ111/+B6J mice, the 

percentage of EM48-positive nuclei with intranuclear inclusions was higher in 

HdhQ111/+B6J.AJ10 mice (35.88±11.45 versus 46.69±12.11, respectively), although the 

difference did not reach statistical significance (Figure 6B; p=0.0694). Supporting this 

observation, the number of intranuclear inclusions was found to depend on the constitutive 

CAG repeat length of HdhQ111/+B6J.AJ10 mice, with longer CAG lengths resulting in an 

increased percentage of EM48 nuclei with inclusions (and higher when compared with 

HdhQ111/+B6J mice with similar CAG repeat length) (Figure 6C).  

DARPP-32 and medium spiny neurons loss. The striatum is one of the key brain areas 

affected in HD patients, where there is a selective and progressive loss of MSNs [33, 34]. 

DARPP-32, a dopamine D1 receptor activated molecule that regulates phosphatase and 

kinase activity, is a marker of these striatal neurons. Levels of DARPP-32 were shown to 

be substantially reduced in the striatal MSNs of multiple HD mouse models [35-38]. To 

assess the potential effect of the Htt mutation (on a B6J background) in the levels of 

DARPP-32 we immunostained striatal sections of 5 months of age mice with DARPP-32 

antibody (Figure 7A). We found that DARPP-32 immunoreactivity was significantly 

reduced (p<0.0001) in the striatum (and nucleus accumbens) of HdhQ111/+B6J (134.2±7.1) 

by 14% when compared with Hdh+/+B6J control littermates (156.0±3.7) (Figure 7B). The 

same was observed in mice carrying one copy of the AJ chr10, with HdhQ111/+B6J.AJ10 

(137.4±3.7) mice showing a 9% reduction (p=0.0003) when compared with control 

littermates (150.7±7.0). However, we did not find any significant effect of the chr10 

background in the levels of DARPP-32 when comparing B6J with B6J.10 mice, for both 

wild type (p=0.0920) and mutant (p=0.2521) Htt genotypes. It should be noted though, that 

Hdh+/+B6J.AJ10 showed a close to significant 3.5% decreased of DARPP-32 levels when 

compared with wild type B6J mice, and that despite this difference when compared to wild 

type, HdhQ111/+B6J.AJ10 showed similar levels of DARPP-32 immunoreactivity as 

HdhQ111/+B6J.  

 

Discussion The length of the HD CAG repeat is the single most critical determinant of HD 

pathogenesis, however the disease expression and its timing are clearly modifiable by 

other factors. The search for these modifiers has been mostly driven by a candidate gene 

approach, where genes connected to pathways thought to be involved in HD 
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pathogenesis are individually tested for an effect on AO. However, the results have been 

inconsistent and have failed so far to reveal a specific mechanism by which the genetic 

variation has its apparent effect. Recent advances in genetic technologies are allowing a 

fast and affordable overview of the human genetic variation in a large set of individuals, 

setting up the stage for unbiased scans for human genetic modifiers. While genome-wide 

association studies for HD modifiers are still undergoing, initial scans that relied on genetic 

linkage to search for chromosome regions associated with AO have already identified a 

possible region of genetic linkage at the 6q chromosome [8, 9, 39]. However, this genomic 

region is quite large and has not yet yield specific modifier genes responsible for the effect 

observed. Instead of examining every single gene within this large region and/or 

generating a series of transgenic mice to blindly look for potential variants and/or 

mechanisms that might explain the effect observed at the 6q region, we used a novel 

approach, a chromosome substitution mouse strain. Previous studies have shown that in 

HD knock-in mice a variety of phenotypes are modifiable by genetic background [22], and 

therefore we hypothesized that different chr10 genetic backgrounds (that include 

homologous genes of those in the human 6q23-24 region) might provide independent 

evidence to verify the human linkage data.  

We generated two sets of HdhQ111 knock-in mice with identical CAG repeat lengths 

(~141/142±3 CAGs) and genetic background (B6J), with the exception of chr10 in the 

B6J.AJ10 mice that carried one chromosome from the AJ strain. Both sets of HdhQ111 

knock-in mice, independent of their chr10 background, presented a more robust and 

earlier onset of previously described phenotypes - tissue somatic instability and neuronal 

intranuclear inclusions (NIIs) - when compared to our original knock-in mice, which had a 

different background (CD1) and smaller CAG repeats sizes (~111 CAGs). These findings 

are consistent with the well-established correlation of these phenotypes with CAG repeat 

length. It cannot be completely excluded that the early manifestation of these phenotypes 

can be, at least partially, driven by variance of disease penetration on the different 

background strains. However, this seems unlikely, as our data is consistent with what has 

been observed for another knock-in mice line with 140 CAGs (on a 129Sv/C57BL6 mix 

background): no abnormal weight loss and striatal Htt nuclear staining beginning at 8 

weeks and nuclear and neuropil aggregates prominent at 16 weeks [40].   

In the present study, we observed high levels of repeat expansion in the striatum and liver 

(instability index of ~8 and ~12, respectively), in concordance with previous studies in 

other HD knock-in mouse models [12, 41, 42]. We showed that the different genetic 

background does not seem to have an effect on striatal instability but the AJ chr10 might 

have a mild detrimental effect on the levels and pattern of repeat instability in the liver. 
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Even though, the difference did not reach statistical significance, the same trend was 

observed in all traits analyzed for this tissue (instability index, distance to the longest peak 

and to the second mode) and was also detectable and in concordance with data from our 

pilot study with a smaller number of animals (see Supplementary Data). In a recent study, 

Lee et al. [16] showed that the dynamics of the Htt CAG expansion in the liver and 

striatum are different, with different mechanisms of expansion and/or cell types probably 

accounting for this difference. This suggests that different factors are predicted to 

contribute to liver and striatal instability and that, if real, the effect of the AJ chr10 

background is a specific factor involved in the CAG expansion mechanism of the liver but 

not the striatum. These authors have also shown that these unstable repeats in the liver 

are highly enriched in polyploidy hepatocytes and that the resultant bimodal distribution of 

repeat lengths can be observed in HdhQ111/+ mice of different backgrounds indicating that 

qualitatively similar liver instability can occur across a number of backgrounds [16]. They 

did not assess instability in knock-in mice with an AJ background, the donor strain used to 

generate the CSS10 mice used in this study. 

One peripheral effect of HD is the loss of body weight despite elevated appetite and 

caloric intake, with numerous clinical studies observing an impaired energy metabolism in 

HD patients. A recent study on HD repeat instability has shown that the expression of 

metabolism genes is actually correlated with liver instability [15]. Based on these findings 

and our preliminary data on liver instability (see Supplementary data) we analyzed body 

weight as a way of assessing energy metabolism in our knock-in mice and its possible 

correlation with the instability observed in the liver. We could not observe any significant 

difference in body weight between our wild type and heterozygotes mice by 24 weeks of 

age for either males or females. These findings are consistent with a recent study in an 

HdhQ111 knock-in mouse model (on a CD1 background), where they could only detect 

body weight differences by 28 weeks of age and only in male homozygous mice [32]. In 

contrast to the observations in humans, where weight loss is observed even in HD 

presymptomatic carriers [43], this study suggests that weight changes may only be 

detectable in older knock-in heterozygous mice, though we cannot generalize since in our 

study we used mice with a different genetic background. Indeed, our data showed that 

there are body weight and therefore metabolism differences between different genetic 

backgrounds, as we found that B6J mice (independently of the Htt mutation and gender) 

gained weight more rapidly than B6J.AJ10 mice during the exponential growth phase, and 

even though the latter had a higher initial weight by 24 weeks the two different knock-in 

mice had similar weights. A phenotype screening of the CSS mice panel [17, 44] has 

shown that B6J mice tended to be slightly larger at weaning and gained weight much 
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more rapidly than AJ mice while CSS10 weight gain was intermediate between the 

parental strains (B6J and AJ mice). It should be noticed though, that these mice were on a 

high-fat diet while the mice in our study were on a regular diet.   

While mutant huntingtin is widely expressed and exerts its toxic effect in many brain 

regions and peripheral tissues, such as liver, MSNs in the striatum are the most 

vulnerable in HD [34, 45, 46]. These neurons show a prominent expression of intranuclear 

(and also cytoplasmic) inclusions containing aggregated expanded repeat huntingtin and 

other proteins [47-49] and are markedly lost during the progress of the disease. Our data 

suggests that, even though we could not see any effect of the AJ chr10 on striatum 

instability, HdhQ111/+B6J.AJ10 mice seem to have a slightly higher number of NIIs than 

knock-in mice with a complete B6J background. Even though this difference did not reach 

statistical significance, it points again for a potential mild effect of the AJ chr10, though not 

related to the mechanism involved in the striatum CAG repeat instability. The potential 

outcome of the observed NIIs increase is however controversial, while it may represent a 

protective cellular mechanism of these neuronal cells to attenuate the deleterious effect of 

the soluble huntingtin protein [50] it can also have a deleterious effect because it is 

sequestering essential molecules, such as transcription coactivators, and interfering with 

CBP-regulated gene transcription [51]. On the other hand, we could not find any 

significant difference in the levels of DARPP-32 between HdhQ111/+B6J and 

HdhQ111/+B6J.AJ10 mice, suggesting that levels of neuronal loss in the striatum are similar 

between these mice, despite the likely increased number of neuronal inclusions on 

HdhQ111/+B6J.AJ10 mice.  

Previous studies have shown that DARPP-32 levels are reduced in genetic models of HD 

compared to wild type littermates, namely R6/2 [35], R6/1 [38], YAC128 [37] and HdhQ140/+ 

knock-in mice [36]. We observed a 14% decrease of DARPP-32 immunoreactivity at 5 

months of age, when comparing to wild type (on a B6J background), while Hickey et al. 

showed that DARPP-32 immunoreactivity was normal at 4 months in the striatum of 

HdhQ140/+ mice but was reduced by 41% at 1 year [36]. It is noteworthy, that even though 

we also observed a 9% reduction of DARPP-32 levels on HdhQ111/+B6J.AJ10 mice when 

compared to their wild type littermates, this reduction was not as accentuated as the 

observed for HdhQ111/+B6J. Clearly, the effect of the Htt CAG mutation is higher than the 

effect of the difference in genetic background (of a single copy of chr10). DARPP-32 is a 

fundamental component of the dopamine-signaling cascade and the loss of this 

phosphoprotein may contribute to reported alterations in dopaminergic signaling in 

transgenic R6 [35, 36, 38, 52] and HdhQ150 knock-in [53] HD models. Further studies are 

needed in order to get a more detailed characterization of the DARPP-32 levels, including 
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transcriptional levels, and its potential effect on dopaminergic signaling pathway, in our 

HdhQ111 knock-in mouse model. 

In summary, the results of our study suggested a potential (but not significant) mild effect 

of chr10 genetic variants on some of the HD mechanisms, in particular those involved in 

liver somatic instability and nuclear huntingtin aggregation. In order to confirm these mild 

effects/trends large cohorts of mice or smaller numbers of very old mice may be required 

to ensure full penetrance of these phenotypes [14]. Even so, with this approach, QTLs are 

assigned to the entire chromosome and we cannot distinguish among multiple QTLs on 

the substituted chr10 [10]. Therefore, these mild effects can be attributed to one or more 

of the genetic variants reported between B6J and AJ at this chromosome. However, 

validation and fine-structure mapping of these QTLs is possible by use of other methods, 

such as sub-strain chr10 consomic mice with region syntenous to 6q23-24 that harbors 

about 400 non-intronic B6J-AJ variants and/or knock-down or overexpression of particular 

variants that differ between B6J and AJ for the 71 genes in the 6q syntenous region. By 

using this chromosome substitution mouse strain approach, we believe that systematic 

screen for modifiers in HD knock-in mice might help guide the unbiased human genome 

scan studies that are undergoing. 
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Figure 1. Hdh
Q111

 knock-in mice with different chr10 genetic backgrounds. Representative 

diagram of the breeding scheme showing the manner in which both chr10 - AJ or B6J - and Htt 

alleles – wild type (+) or Hdh
Q111

 knock-in allele (Q
111

) - were passed to F1 progeny mice used in 

this study. The actual CAG size of the Hdh
Q111

 knock-in allele in the paternal mice was 139 CAGs 

while in the F1 progeny ranged from 133 to 149 CAGs. 
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Figure 2. Genetic architecture of the ~131 Mbp mouse chr10. (A) Representative homology 

scheme of mouse chr10 compared with human. (B) Location of the reported genetic variants 

between B6J and AJ strains at mouse chr10. Coding non-synonymous variants are represented in 

red, coding synonymous in dark blue, locus-region in orange, mRNA-UTR in purple, splice-site in 

light blue and intronic in grey.  

 

 

Figure 3. CAG repeat size of the knock-in alleles in Hdh
Q111/+

B6J and Hdh
Q111/+

B6J.AJ10 

progeny. The mean CAG repeat size of the mice used in this study was 142.0±3.2 for 

Hdh
Q111/+

B6J (n=27) and 141.3±2.8 for Hdh
Q111/+

B6J.AJ10 (n=28). Solid line represents mean of 

CAG repeat for each genotype while the dashed line represents the CAG repeat size transmitted 

from the parental Hdh
Q111/+

B6J mice (139 CAGs).  
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Figure 4. Hdh
Q111/+

B6J.AJ10 mice showed a mild increase of liver somatic repeat instability 

when compared to Hdh
Q111/+

B6J mice. (A) GeneMapper traces of PCR-amplified Htt CAG 

repeats from tail, striatum and liver of representative 5 months Hdh
Q111/+

B6J (144 CAGs) and 

Hdh
Q111/+

B6J.AJ10 (141 CAGs) mice, and (B) from an oddly unstable Hdh
Q111/+

B6J (139 CAGs) 

female mice. (C) Somatic repeat instability was quantified from GeneMapper traces by determining 

an instability index for tail, striatum and liver of each mouse. Additionally, to capture the different 

patterns of repeat instability in liver and striatum, we measured (D) the distance between the 

constitutive repeat mode and the longest repeat after background correction and (E) the distance 

between the modes of the constitutive and somatically expanded repeats. Hdh
Q111/+

B6J (n=8) mice 

are represented in squares and Hdh
Q111/+

B6J.AJ10 (n=8) mice in triangles.  
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Figure 5. One single copy of AJ chr10 has an effect on the patterns of weight gain. Scatter 

plots represent the individual values of the initial weight (at ~3 weeks of age), the mean weight gain 

per day during the exponential growing phase (EWG, up to ~72 days of age) and the mean weight 

gain per day (WG, up to ~5 months of age) for (A) female and (B) male mice. The mice used for the 

body weight analysis are as follows: Hdh
+/+

B6J (13 females and 14 males), Hdh
111/+

B6J (9 females 

and 16 males), Hdh
+/+

B6J.AJ10 (10 females and 10 males) and Hdh
111/+

B6J.AJ10 (15 females and 

5 males). Line represents mean of values for each genotype. **** p<0.0001, *** p<0.001, ** p<0.01 

and * p<0.05. 
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Figure 6. Hdh
Q111/+

B6J.AJ10 mice showed a mild increase of neuronal intranuclear 

inclusions when compared to Hdh
Q111/+

B6J mice. (A) Micrographs of striata stained with EM48 

and counterstained with thionine of representative 5 months mice with Hdh
+/+

B6J, Hdh
111/+

B6J 

(female, 139 CAGs), Hdh
+/+

B6J.AJ10 and Hdh
111/+

B6J.AJ10 (140 CAGs) genotypes. (B) 

Quantification of the percentage of EM48-positive cells containing an inclusion (line represents 

mean of values for each genotype) and (C) its correlation with constitutive Htt CAG repeat size (the 

best fit linear regression line of inclusion/EM48 nuclei by CAG repeat size for Hdh
Q111/+

B6J is 

represent with solid line and for Hdh
Q111/+

B6J.AJ10 with a dashed line). Hdh
Q111/+

B6J (n=9) mice 

are represented in squares and Hdh
Q111/+

B6J.AJ10 (n=9) mice in triangles. Each individual value 

represents the mean observed on three consecutive striatal sections for each mouse. 
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Figure 7. Hdh
Q111/+

 knock-in mice showed a dramatic decrease of DARPP-32 

immunoreactivity when compared to wild type mice. (A) Micrographs of DARPP-32 positive 

cells in the striata and nucleus accumbems of representative 5 months mice with Hdh
+/+

B6J, 

Hdh
111/+

B6J (142 CAGs), Hdh
+/+

B6J.AJ10 and Hdh
111/+

B6J.AJ10 (140 CAGs) genotypes. (B) 

Quantification of DARPP-32 intensity (arbitrary values ranging from 0 to 255). The mice used for 

the DARPP32 analysis are as follows: Hdh
+/+

B6J (n=8), Hdh
111/+

B6J (n=9), Hdh
+/+

B6J.AJ10 (n=6) 

and Hdh
111/+

B6J.AJ10 (n=9). Each individual value represents the mean observed on three 

consecutive striatal sections for each mouse. Line represents mean of values for each genotype. 

**** p<0.0001 and *** p<0.001. 
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Supplementary data 

 

Supplementary Material and Methods. For the pilot study, two crosses were set up: a) one 

male heterozygous HdhQ111 knock-in mouse was crossed with CSS10 female mice in order 

to generate wild type Hdh+/+B6J.AJ10 (n=13) and mutant HdhQ111/+B6J.AJ10 (n=10) mice; 

and b) another male heterozygous HdhQ111 knock-in mice was crossed with B6J female 

mice in order to generate wild type Hdh+/+B6J (n=2) and mutant HdhQ111/+B6J (n=6) mice. 

The Htt mutant allele was transmitted from knock-in mice with slightly different original 

CAG repeat lengths (126 and 128 CAG repeats), which originated a different range of 

CAG repeat lengths in the HdhQ111/+B6J (131-137 CAGs, mean 131.8±1.9) and 

HdhQ111/+B6J.AJ10 (125-132 CAGs, mean 127.8±3.3) progeny. At 5 months of age, these 

mice were perfused with periodate-lysine-paraformaldehyde as previously described [13]. 

One hemisphere of the brain was embedded for sectioning and the other was used for 

dissection of striatum for analysis of somatic instability. DNA extraction, HdhQ111 knock-in 

allele genotyping and analysis of somatic instability from selected tissues (tail, striatum 

and liver) were performed as described in the Material and Methods section of this 

manuscript. For detection of diffuse nuclear huntingtin, immunostaining with mouse anti-

huntingtin monoclonal antibody mAb5374 (Chemicon) was performed on 7μm paraffin-

embedded coronal sections of brains hemispheres as previously described [54]. For 

double staining with EM48/Hoechst, sections were incubated with Hoechst (1:10.000 in 

TBS) for fifteen minutes before they were mounted with Prolong fade reagent (Invitrogen). 

Fluorescent microscopy was performed with a Zeiss Axioskop2 microscope equipped with 

AxioCamMRm camera and AxioVision 4.6 image acquisition software. Four micrographs 

(20x objective) were taken, with the same exposure time, from the striatum of each 

mouse. ImageJ image analysis software [19] was used to quantify the number of 

mAb5374-positive nuclei and the total number of nuclei (as determined by the number of 

Hoechst-positive nuclei). In order to control for potential differences in cell density we 

normalized the number of mAb5374-positive nuclei against the number of nuclei.  

 

Supplementary Results Dominant and CAG length-dependent phenotypes, such as Htt 

somatic instability [12, 15, 16] and nuclear mutant huntingtin [14], were previously 

described in HdhQ111 knock-in mice with CD1 background. In order to assess the 

reproducibility of these two phenotypes in HdhQ111 knock-in mice with B6J background we 
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first examined these phenotypes in a small number of animals. At 5 months of age, we 

could detect tissue specific somatic instability, with significant accumulation of expansions 

in striatum and liver (Supplementary Figure 1), and diffuse immunostaining of mutant 

huntingtin in the nuclei of striatal neurons (Supplementary Figure 2), in our heterozygotes 

HdhQ111/+ mice with B6J background. As shown in Supplementary Figure 1, the levels of 

somatic instability in the striatum were numerically lower in HdhQ111/+B6J (7.63±1.45, n=5) 

than HdhQ111/+B6J.AJ10 (8.53±0.80, n=5), and the same trend was observed in liver, 

where HdhQ111/+B6J (7.23±1.78, n=6) were slightly less unstable than HdhQ111/+B6J.AJ10 

(8.13±1.07, n=10) mice. On the other hand, we found that the percentage of EM48-

positive nuclei was slightly higher in HdhQ111/+B6J mice when compared to 

HdhQ111/+B6J.AJ10 mice, respectively, 68.61±4.30 (n=3) versus 61.55±2.39 (n=4), 

although the difference did not reach statistical significance.  

 

Supplementary Table 1. List of mice used for each phenotype assay and their characteristics 

(group, gender and Htt CAG repeat).  

Mouse Chr10 Gender 
Htt CAG 
repeat 

Body 
Weight 

Somatic 
Instability 

EM48 DARPP-32 

Q1558 B6J/B6J F WT Yes  N.A. Yes 

Q1853 B6J/B6J F WT Yes  N.A. Yes 

R1441 B6J/B6J F WT Yes  N.A. Yes 

R1124 B6J/B6J F WT N.A.  N.A. Yes 

R1444 B6J/B6J F WT Yes  x x 

R1442 B6J/B6J F WT N.A.  x x 

926 B6J/B6J F WT Yes    

929 B6J/B6J F WT Yes    

931 B6J/B6J F WT Yes    

932 B6J/B6J F WT Yes    

Q1555 B6J/B6J F WT Yes    

Q1557 B6J/B6J F WT Yes    

Q1559 B6J/B6J F WT Yes    

Q1855 B6J/B6J F WT Yes    

R1125 B6J/B6J F WT N.A.    

R1126 B6J/B6J F WT N.A.    

R1127 B6J/B6J F WT N.A.    

Q1562 B6J/B6J F WT Yes    

Q1566 B6J/B6J M WT Yes  N.A. Yes 

Q1947 B6J/B6J M WT Yes  N.A. Yes 

R1449 B6J/B6J M WT Yes  N.A. Yes 

R1453 B6J/B6J M WT Yes  N.A. Yes 

R1446 B6J/B6J M WT Yes  x x 

Q1563 B6J/B6J M WT Yes    

Q1862 B6J/B6J M WT Yes    

Q1866 B6J/B6J M WT Yes    

Q1948 B6J/B6J M WT Yes    

Q1953 B6J/B6J M WT Yes    
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Mouse Chr10 Gender 
Htt CAG 
repeat 

Body 
Weight 

Somatic 
Instability 

EM48 DARPP-32 

Q1956 B6J/B6J M WT Yes    

R1196 B6J/B6J M WT Yes    

R1197 B6J/B6J M WT Yes    

R1455 B6J/B6J M WT Yes    

928 B6J/B6J F 139 Yes Yes   

934 B6J/B6J F 139 Yes Yes   

930 B6J/B6J F 142 Yes Yes   

933 B6J/B6J F 143 Yes Yes   

Q1854 B6J/B6J F 145 Yes Yes   

Q1556 B6J/B6J F 139 Yes  Yes Yes 

Q1856 B6J/B6J F 142 Yes  Yes Yes 

Q1945 B6J/B6J F 143 Yes  Yes Yes 

R1123 B6J/B6J F 139 N.A.  Yes Yes 

Q1561 B6J/B6J F 144 Yes    

Q1859 B6J/B6J M 133 Yes Yes   

R1451 B6J/B6J M 136 Yes Yes   

Q1861 B6J/B6J M 144 Yes Yes   

Q1949 B6J/B6J M 144 Yes Yes   

Q1988 B6J/B6J M 145 Yes Yes   

Q1864 B6J/B6J M 142 Yes  Yes Yes 

Q1867 B6J/B6J M 142 Yes  Yes Yes 

Q1565 B6J/B6J M 143 Yes  Yes Yes 

Q1858 B6J/B6J M 143 Yes  Yes Yes 

Q1865 B6J/B6J M 146 N.A.  Yes Yes 

R1454 B6J/B6J M 139 Yes    

R1450 B6J/B6J M 140 Yes    

R1447 B6J/B6J M 143 Yes    

R1448 B6J/B6J M 143 Yes    

Q1950 B6J/B6J M 144 Yes    

R1452 B6J/B6J M 146 Yes    

Q1989 B6J/B6J M 147 Yes    

Q1683 B6J/AJ F WT Yes  N.A. Yes 

Q1757 B6J/AJ F WT Yes  N.A. Yes 

Q1758 B6J/AJ F WT Yes  N.A. Yes 

R1467 B6J/AJ F WT Yes  x x 

R1494 B6J/AJ F WT Yes  x x 

Q1679 B6J/AJ F WT Yes    

Q1756 B6J/AJ F WT Yes    

Q1759 B6J/AJ F WT Yes    

Q1958 B6J/AJ F WT Yes    

R1497 B6J/AJ F WT Yes    

Q1794 B6J/AJ F WT N.A.    

Q1795 B6J/AJ F WT N.A.    

Q1796 B6J/AJ F WT N.A.    

Q1797 B6J/AJ F WT N.A.    

R1602 B6J/AJ F WT N.A.    

R1603 B6J/AJ F WT N.A.    

Q1684 B6J/AJ M WT Yes  N.A. Yes 

R1605 B6J/AJ M WT N.A.  N.A. Yes 

R1920 B6J/AJ M WT N.A.  N.A. Yes 
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Mouse Chr10 Gender 
Htt CAG 
repeat 

Body 
Weight 

Somatic 
Instability 

EM48 DARPP-32 

R1473 B6J/AJ M WT Yes  x x 

R1498 B6J/AJ M WT Yes  x x 

Q1686 B6J/AJ M WT Yes    

Q1760 B6J/AJ M WT Yes    

Q1761 B6J/AJ M WT Yes    

Q1762 B6J/AJ M WT Yes    

R1868 B6J/AJ M WT Yes    

R1869 B6J/AJ M WT Yes    

R1870 B6J/AJ M WT Yes    

Q1798 B6J/AJ M WT N.A.    

Q1799 B6J/AJ M WT N.A.    

R1607 B6J/AJ M WT N.A.    

R1917 B6J/AJ M WT N.A.    

R1495 B6J/AJ F 138 Yes Yes   

R1493 B6J/AJ F 139 Yes Yes   

Q1959 B6J/AJ F 140 Yes Yes   

Q1753 B6J/AJ F 144 Yes Yes   

R1601 B6J/AJ F 141 N.A. Yes   

Q1682 B6J/AJ F 140 Yes  Yes Yes 

R1341 B6J/AJ F 140 Yes  Yes Yes 

Q1754 B6J/AJ F 141 Yes  Yes Yes 

Q1680 B6J/AJ F 144 Yes  Yes Yes 

R1340 B6J/AJ F 144 Yes  x x 

Q1681 B6J/AJ F 136 Yes    

R1865 B6J/AJ F 139 Yes    

R1468 B6J/AJ F 140 Yes    

R1496 B6J/AJ F 142 Yes    

R1863 B6J/AJ F 143 Yes    

Q1957 B6J/AJ F 149 Yes    

R1604 B6J/AJ F 141 N.A.    

R1916 B6J/AJ F 146 N.A.    

R1866 B6J/AJ M 137 Yes Yes   

R1343 B6J/AJ M 140 Yes Yes   

Q1764 B6J/AJ M 142 Yes Yes   

R1344 B6J/AJ M 143 Yes Yes   

Q1961 B6J/AJ M 140 N.A. Yes   

R1342 B6J/AJ M 141 Yes  Yes Yes 

R1608 B6J/AJ M 140 N.A.  Yes Yes 

R1918 B6J/AJ M 140 N.A.  Yes Yes 

R1919 B6J/AJ M 140 N.A.  Yes Yes 

Q1960 B6J/AJ M 145 N.A.  Yes Yes 

Abbreviations: Chr chromosome; N.A. not ascertained; x failed; WT wild type (Hdh
+/+

). 
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Supplementary Figure 1. Preliminary data for Hdh
Q111

 CAG repeat instability. Somatic repeat 

instability was quantified from GeneMapper traces by determining an instability index for tail, 

striatum and liver of each mouse. Hdh
Q111/+

B6J mice are represented in squares and 

Hdh
Q111/+

B6J.AJ10 in triangles. Line represents mean of values for each genotype. 

 

 

 

 

Supplementary Figure 2. Preliminary data for nuclear mutant huntingtin immunostaining in striatal 

neurons. Fluorescent micrographs of striata double-stained with mAb5374 and Hoechst of a 

representative 5 months mouse for each genotype. 
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“In other words, there is no obvious clear distinction between simple 

Mendelian and complex traits: genetic diseases represent a continuum with 

diminishing influence from a single primary gene influenced by modifier 

genes, to increasingly shared influence by multiple genes.” 

Dipple and McCabe, Mol Genet Metab 2000 

 

 

Over 4,000 human diseases are caused by a single mutation in a single gene. These 

monogenic disorders are a dichotomous trait, in the sense that the presence or absence 

of the causative mutation determines whether someone will get the disease or not. By 

contrast, in complex disorders, such as heart disease, diabetes and many psychiatric 

diseases, is the combination of multiple interacting genes and environmental factors that 

result in the manifestation of the disease. Even though monogenic disorders are inherited 

in a ”simple” Mendelian way, phenotypes among carriers of the mutation can subtlety or 

profoundly differ in diverse biological features such as AO, severity and other associated 

phenotypic properties [272]. In many Mendelian disorders, some proportion of phenotype 

variability can be associated with the nature of the mutation in the disease-causing gene 

[273], while the remainder variation is due to combined effects of genetic, environmental 

and stochastic factors that convert “simple” Mendelian disorders into complex traits [274]. 

The challenge now is to assess the relative contribution of genetic factors distinct from the 

causing gene that underlie disease variability. As it has been shown in complex disorders, 

it is expected that these complex traits are more likely to be caused by several genetic 

variations, each with a small overall contribution making it hard to determine their relative 

effect. 

HD is among this class of monogenic disorders that display wide variability in its clinical 

features. Though considered as a “simple” Mendelian disorder, observation of alleles with 

reduce penetrance and the large variation in AO for any given allele size (mean +/- 20 

years), even in the fully penetrant range [183], clearly demonstrates that residual AO is a 

complex trait. HD is a highly disable disorder for which there is still no effective treatment. 

So, in the paucity of a treatment, HD research is focused in understanding the complex 

disease mechanism that leads to the overt of symptoms and ultimately unveil effective 

therapeutic targets to slow the progression or ameliorate HD symptoms.  
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An attractive hypothesis is that the chromosomal region around the HTT gene harbors 

variation that may lead to the identification of genetic modifiers affecting not only HD 

pathogenesis but also HTT repeat instability. In fact, a detailed examination of frequency 

and magnitude of HTT CAG repeat instability in large normal and reduced penetrance 

alleles in the general population [Article 1] and full penetrance alleles from HD families 

[Article 2] of Portuguese origin, suggested the existence of major family-specific instability 

modifiers. Moreover, early studies have found suggestive evidence for AO [184,275] and 

CAG instability [180] modifiers near the HTT gene, raising a potential role for the 4p16.3 

haplotype as a cis-acting modifier. Delineation of the haplotype structure of the 4p16.3 

region also provides an opportunity for personalized therapeutics in HD through the 

development of a small number of SNP-targeted antisense oligonucleotide molecules that 

can selectively silence mutant HTT [276] and be sufficient to treat up to 88% of the HD 

patient population [180].  

In our original haplotype analysis of the HTT region, which extended previous lower-

resolution studies, we defined in HD individuals of Western/Northern European ancestry 

multiple disease-associated SNP haplotypes, consistent with multiple independent origins 

of HD in this population [Supplementary Article 1]. Nevertheless, our analysis revealed the 

presence of a major haplotype (HTT_Hap1) that accounted for ~50% of the disease 

chromosomes and solely 10% of the non-HD chromosomes. Even though HTT_Hap1 

haplotype is likely to be enriched in higher-range normal alleles and therefore act as a 

reservoir of new mutations to HD, we observed no significant difference in the distribution 

of expanded CAG repeats. Our detailed haplotype analysis also did not provide evidence 

of an impact on the AO by the HTT haplotypes either in the HD or in the normal 

chromosomes.  

Following up our initial haplotype analysis, we defined the disease haplotype in HD 

chromosomes from individuals of Southern European ancestry amongst a large set of 

unrelated multiplex Portuguese HD families [Article 4]. We observed four different disease 

haplotypes at an elevated frequency: the “major Northern/Western European” haplotype 

(haplotype A that is closely related to HTT_Hap1 in our initial study) and three other 

distinct haplotypes. In contrast to the Northern/Western European haplotypes where 

HTT_Hap1 accounted for ~50% of these HD chromosomes, our closely related haplotype 

(haplotype A) only accounted for 25% of the Southern European HD chromosomes, where 

the major haplotype was actually haplotype B, present in about 40% of these 

chromosomes. These findings overemphasize the established concept that the HD 

mutation arose multiple times in the European population, giving rise to at least two 
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distinct major HD haplotypes, haplotype A (“Northern-European”) and haplotype B 

(“Southern-European”).  

In accordance with our original haplotype study [Supplementary Article 1], haplotype A 

(related to HTT_Hap1) was found to be enriched in high-normal alleles (median normal 

CAG size was 26.0 compared to 17.0-18.0 in the other haplotypes) [Article 4] and was 

also shared by the two biggest HD expansions observed in the Portuguese HD families 

[Article 2]. Despite these findings, we also found evidence of high instability of the 

expanded repeat in the other “Southern-European” haplotypes, as the biggest reported 

expanded CAG allele in the Portuguese HD families was observed in haplotype B (the 

major “Southern-European”). Furthermore, analysis of the HTT CAG repeat in families 

representing the general population living in the mountain valleys around Bolzano, 

revealed intergenerational instability of the normal repeat on three non-HD chromosomes 

with the “Southern European” disease haplotypes. In contrast to recent findings 

suggesting that there is a major predisposing haplotype that influences CAG instability in 

HTT [180], we found no clear effect of local variation on the instability of this dynamic 

repeat. The strength of our study relies on the fact that we assessed intergenerational 

instability in phased haplotypes directly inferred by family structure.  

Our haplotype studies in the Northern/Western and Southern European sub-

populations raised the interesting hypothesis that the dynamic HTT CAG repeat might be 

subject to selection in different populations and that in order to develop therapeutics 

aimed at the mutant HTT allele it is important to understand the HTT haplotype in the 

different populations. Furthermore, even though we cannot rule out a possible influence of 

the 4p16.3 haplotype in other HD phenotypes, our data suggest that genetic modifiers of 

AO and repeat instability should be sought elsewhere in the genome. 

 

For about two decades now, several genetic factors have been investigated in HD 

through candidate gene studies, with variants within the HTT gene [187-192] and over 

other 20 different genes being implicated as modifiers [184,187-195,198-222]. From 

these, by 2009 when this PhD project started, only a few associations had been 

reproduced while the majority showed inconsistent and conflicted results across studies.  

A major problem of most association studies is the definition of phenotype; with AO 

being the most commonly used phenotype in HD modifier studies. However, its precise 

determination is not trivial, especially because it relies on the retrospective assessment of 

events by the patient and family members, and often cognitive and psychiatric symptoms 

precede the characteristic motor deficits. Because of that, there are variable definitions of 

AO being used in HD studies in the literature, with some using the earliest AO, regardless 
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of the type of symptom that inevitably leads to inconsistent and conflicted results. In order 

to get a more homogenous and narrowly defined phenotype, AO should be defined as the 

age at which the first motor signs of HD appeared. To emphasize the importance of a 

robust phenotype, we have recently shown the profound effect that improper estimation of 

residual AO (AO corrected for CAG size) phenotype can have on the final result when 

testing the effects of potential genetic modifiers [Article 3]. We initially observed an 

apparent significant association, in this particular study for the interaction of normal and 

mutant HTT alleles, that relied on a single outlier with a mutant allele of 120 CAGs and a 

normal allele of 11 CAGs (two extreme repeat sizes on both the high mutant and low 

normal repeat range, respectively) and extremely young AO relative to all others. Just by 

excluding this single 120 CAG subject from our initial regression model we observed a 

striking effect on the P value (from p=0.006 to p=0.506). This finding, also pointed out to 

another important limitation of candidate genetic association studies in HD, the lack of a 

detailed and rigorous statistical analysis. Usually, multiple linear regression models are 

used to test the effect of genetic modifiers on AO. As with all statistical procedures 

multiple linear regression analysis rests on fundamental assumptions, including normally 

distributed error with a mean of zero and constant variance (homoscedasticity). Our 

analysis showed that only HD cases with CAG alleles within the repeat range of 40 to 53 

yield a statistically well-behaved data set with constant variance and normally distributed 

error [Article 3].   

Another major problem of association studies is that significant associations may be 

found as an artifact of population stratification, where ethnic variation or other confounding 

factors can lead to significant population differences in marker allele frequencies [277]. 

Indeed, we have exposed ancestry as a critical factor in HD association studies, where 

European HD cases poorly matched for genetic background might have lead to false 

positives in association studies of a common polymorphism in the PPARGC1A gene 

[Article 5]. We observed differences in the contribution of a given marker (rs7665116) 

between apparently close related European populations, as Southern European HD cases 

seemed to be not only genetically (different MAF) but also clinically (motor AO 4-5 years 

later) different from other European samples. If not properly corrected for genetic 

ancestry, our model would also have incorrectly pointed this gene as a genetic modifier of 

HD [Article 5]. Interestingly, the positive associations of PPARGC1A found in the literature 

[208-210] were primarily contributed by patients from Italy, while in a more recent study 

using samples from the European Huntington's Disease Network (EHDN) REGISTRY 

multinational observational study that closely resembled ours, no association of 

rs7665116 with AO of first symptom was found [211]. This is consistent with our 
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interpretation and points out the dramatic effect that unaccounted population stratification 

can have in association studies type I error rates.  

These findings [Article 3 and Article 5] have drawn attention in the field to the problems 

that can confound HD association studies and to the need for consistent phenotype 

measures, proper study designs and stringent analyses, as acknowledged in an editorial 

letter in the Neurogenetics journal [278]. More importantly, they provided the basis for a 

more robust assessment of the effect of several compelling genetic variants in our 

collection of HD samples, one of the largest collections available.    

 

Indeed, when we applied these critical study design and statistical standards in our 

large collection of North-American/European HD samples, we failed to replicate some of 

our own group original positive association studies. Our lab had previously reported that 

an interaction between the expanded and unexpanded HTT CAG repeat sizes influenced 

AO of HD, where in individuals with large repeat sizes (47-83) the increase size of the 

normal allele seemed to mitigate the expression of the disease [188]. However, in our 

recent rigorous analysis of over 3,500 HD subjects, we found that neither the normal allele 

CAG length nor the interaction between expanded and normal alleles influences AO of 

motor manifestations, which was shown to be determined by a completely dominant action 

of the longest expanded allele and yet unidentified genetic or environmental factors 

[Article 3]. These findings are consistent with our detailed haplotype analysis of the HTT 

region that showed that HTT haplotypes on the normal chromosomes did not have a 

significant impact on AO [Supplementary Article 1]. In a similar way, we also failed to 

replicate our initial findings associating the 16 TAA repeat allele in the GRIK2 gene with 

younger HD AO [200], when tested in additional 2,000 HD samples [Supplementary Article 

2]. In this particular case, the apparent positive associations of GRIK2 may also have 

been due to the small number of samples, as these studies comprised no more than 300 

subjects [193,200-203]. We also failed to replicate, in our own collection of European HD 

samples, the previously reported association of AO with specific polymorphisms in 

PPARGC1A [208-210], GRIN2A and GRIN2B genes [194,204-206] [Article 5 and Article 

6]. Moreover, we tested polymorphisms in the COMT, DRD2, DRD4 and DAT1 genes 

believed to affect dopaminergic neurotransmission and widely investigated in other 

neurological disorders, but none of these functional polymorphisms revealed a significant 

modifying effect on the AO of HD motor symptoms [Article 6]. 

Even though we could not replicate the significant findings of association of these 

specific candidate-gene studies, it does not necessarily imply lack of causality. The 

candidate gene or DNA variant can be associated with different relative risks in distinct 
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populations and the non-replication might result from real biological differences [279]. 

Furthermore, it cannot immediately distinguish if the variant is the cause of the observed 

effect or if it is in linkage disequilibrium with another variant in the vicinity that is the true 

functional determinant. When this is the case, different studies might have disparate 

findings for the same gene if this linkage does not exist or varies across populations 

[279,280]. Interestingly, a meta-analysis including 379 genetic association studies of 36 

diseases or traits, found that association studies of the same disease are often 

inconsistent and that the first study often indicates a stronger effect than what it is seen in 

the subsequent studies [281].  

 

There is currently large evidence in the literature of CAG repeats known to cause 

spinocerebellar ataxia (SCA) disorders contributing to complex traits and even acting as 

modifiers of other diseases. CAG repeat length in the TATA box-binding protein (TBP) 

gene, known to cause SCA17 when expanded, was found to be associated with risk, AO 

and prefrontal function in schizophrenia [282,283], while the PPP2R2B gene CAG repeat 

polymorphism known to cause SCA12 was associated with AD susceptibility in the 

Japanese and Han Chinese populations [284,285]. Moreover, expansions of the CAG 

repeat in the ATXN2 gene, which cause SCA2, have been associated with increased risk 

of sporadic ALS [286-292] and progressive supranuclear palsy, suggesting that ATXN2 

repeats may predispose to certain types of neurodegeneration [293]. Interestingly, it has 

been shown that some of the residual AO in SCA2 can actually be explained by polyQ 

repeats causing other types of SCA. Long normal CAG repeats in the CACNA1A gene, 

known to cause SCA6, were associated with disease onset earlier than expected, and 

explained about 6% of the residual variation in SCA2 AO [294]. Based on these findings 

and in the phenotypic and molecular overlap that also exists between HD and the other 

polyQ disorders, we hypothesized that long alleles in these polyQ disease genes could 

also explain some of the residual AO in HD. However, in our cohort of about 1,500 

individuals with HD, we did not find an evident genetic association between HD and 

expanded CAG repeats in any of the six polyQ disease genes tested [Article 7]. It should 

be noted though, that we did find three HD cases that carried expanded SCA17 alleles 

and seven HD cases with intermediate ATXN2 expansions (32-33 repeats) of which some 

presented clinical features that overlap with the SCA2 phenotype. Hence, we cannot rule 

out a possible genetic interaction of the CAG repeat at the ATXN2 gene with HD, and 

further studies in larger cohorts are needed as well as testing the potential effect of these 

SCA2 intermediate alleles in AO of HD.  

In contrast, we tested the potential contribution of the functional HTT CAG repeat to 

several psychiatric and neurodevelopmental disorders with which HD shares clinical 
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features. The most common psychiatric symptom in HD is depression, with about 40% of 

HD patients manifesting signs of major depression [295]. Interestingly, our lab has shown 

that reduced penetrance CAG alleles are over-represented in diagnosed cases of MDD 

[296]. These findings lead to the hypothesis that dominant effects of the functional HTT 

repeat might act as a sensitizer to the effects of the risk factors in the general population 

that contribute to the manifestation of clinical depression. In addition to depressive signs, 

mania has also been observed in some HD patients, who alternate between continued 

periods of depression and mania and are therefore often misdiagnosed with BP. Based on 

these findings, the obvious next question was to determine if the HTT repeat was also 

sensitizing individuals to the manifestation of BP signs. However, we found no evidence of 

a contribution of the HTT repeat to DSM-IV diagnosed cases of BP, which had a 

frequency of HTT CAG alleles associated with HD even lower than what we observed in 

our control group, implying that this functional repeat is not a shared factor with the 

etiology of BP, as it seems to be contributing to MDD [Article 9]. On the other hand, ALS, 

a motor neuron disease, is speculated to share with HD similar neurodegenerative 

mechanisms along with a few rare reports of HD patients with concurrent motor neuron 

signs [297,298] as well as ALS patients sporadically manifesting signs of chorea 

[299,300]. Additionally, proteins mutated in familial ALS cases have been found in HD 

inclusions (FUS and TDP-43 protein) [301-303] as well as in cytoplasmatic granules of HD 

patients’ neurons (OPTN protein) [304]. Despite all of these data supporting a potential 

role of huntingtin in ALS pathogenesis, our results showed that the HTT CAG repeat has 

no effect on susceptibility to ALS or its phenotypic manifestations (AO, site of onset and 

survival after onset), implying that the HD repeat is unlikely to contribute to this disorder 

[Article 8]. Recent data has corroborated our findings, as no significant association 

between polyQ length and ALS was found in any of the seven polyQ genes tested beyond 

ATXN2 [305].  

 Our studies emphasize the need in the HD field for a better estimate of the expected 

HD disease prevalence in the general population and set up the stage for further surveys 

of the prevalence of HTT CAG repeat in other psychiatric and neurodevelopmental 

disorders. Therefore, we are currently working on collecting a control comparison group 

that truly represents the general population, and since HTT is an essential regulator of 

neuronal cell development and synaptic function, we are now assessing the CAG allele 

distribution in a large set of autism spectrum disorder trios.  

 

The inconsistent outcomes of the various genetic association studies reported in HD 

evince the disparate study designs employed by HD groups worldwide, using different 

genotyping platforms, number of SNPs, sample size, ethnic groups and phenotypes. In 
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order to overcome these limiting factors, we are now examining ~2 million SNPs in about 

6,000 HD subjects using whole genome genotyping arrays. This genome-wide approach 

allowed us to cover the entire genome in the largest collection of worldwide HD samples 

so far, which is an important requirement for the detection of variants that are expected to 

have small effects on disease risk. We have gathered all the genotype data and are now 

able to investigate the effects of several variants at the same time, as well as potential 

interactions between them, that will hopefully give us information on genes involved in the 

HD pathogenesis that are part of previously unsuspected pathways. This is a very 

promising approach, as in about 1,600 human GWA studies that have examined over 800 

diseases and traits approximately 10,000 SNP-trait associations have been found [306]. 

From all these GWA studies, just six have examined AO as a trait in several neurological 

diseases, namely, ALS, depression, AD, BP, Parkinson’s disease (PD) and multiple 

sclerosis [307-312]. Only the GWA for AO of depression failed to find any variants 

reaching genome-wide significance (SNP-trait p-value <1.0 x 10-5) [312], while 2 to 13 

SNPs were found to be associated with AO on the other studied neurological disorders 

(with risk allele frequency in controls varying from 0.06 to 0.048). For these complex traits, 

the variants found by GWA had low associated risk that accounted for a small part of the 

missing heritability. 

 Both the candidate-gene and GWA approaches, assume that the genetic risk is due to 

predisposing variants relatively common in the population (frequency > 5%). Therefore our 

studies do not preclude that other DNA variants in the several genes studied or elsewhere 

in the genome may act as genetic modifiers of AO. In fact, the answer may reside in rare 

variants and structural variants, such as copy-number variation, inversions and 

translocations, which are not well captured by GWAs, as well as interactions between 

genes or between genes and environmental factors [313]. Indeed, for complex traits like 

autism and schizophrenia several rare and structural variants have been implicated as 

affecting the risk of these disorders [reviewed in 314,315] and a recent genome-wide 

gene-environment study identified GRIN2A as a PD modifier gene via interaction with 

coffee [316].  

In addition to whole-genome screenings of common variants associated with AO of 

neurological HD symptoms, that are currently undergoing, it is also necessary to identify 

and assess these rarer but potentially higher risk variants. Whole-exome and whole-

genome sequencing have rapidly become the approaches used to study rare variation in 

different neurological diseases [317], but since these variants are, by definition, rare it 

does require an even larger number of individuals, which has still high costs associated. 

One strategy to increase efficiency, and at the same time reduce costs, is to sequence 



 

Genetic modifiers of Huntington’s disease 175 

 

 
Final considerations 

 

  

individuals that are at both ends of a phenotype distribution. Recently, a genetic modifier 

study for cystic fibrosis, the first to use exome sequencing and an extreme phenotype 

study design, discovered that rare variants in DCTN4 are significantly associated with 

earlier and more chronic infections by Pseudomonas aeruginosa [318]. In a similar way, to 

assess these rare coding variants, which often have more marked functional 

consequences, in our large cohort of individuals with HD, we are currently sequencing the 

whole exome of a selected group of discordant HD samples that have extreme 

phenotypes. These have either very late or very early onset of neurological symptoms, 

and are defined as samples at the extremes of the AO distribution after accounting for the 

expanded CAG repeat size. It is expected that the frequency of alleles contributing to the 

variance in AO are enriched either in one or both the AO extreme groups [318], and so the 

originally modest sample size can potentially be used to identify novel candidate genes for 

follow-up genotyping studies in our large cohort of HD samples. 

 

The application of these unbiased screens holds great promise for the identification of 

novel genetic variants responsible for the variance in HD AO. But, even though gene 

targeting permits testing of individual DNA variants for functional effects, the efficient 

unbiased evaluation of genomic regions that may harbor potential modifier loci is 

challenging. This has spurred the development of the CSS mice, a novel human-mouse 

cross-species tool for dissecting complex traits [319]. With this approach, chromosomal 

regions spanning a QTL previously identified through unbiased screens are bread from a 

donor inbred strain (A/J) onto a recipient inbred strain (C57BL/6J) and any phenotypic 

difference in the congenic line relative to the recipient strain is assumed to be caused by 

donor strain alleles within the congenic region. The power of this strategy to study genetic 

modifiers has been successfully demonstrated in neurofibromatosis type 1 where chr19A/J 

was shown to affect both timing and penetrance of the growth of different tumor types 

associated with this completely penetrant but variably expressed disorder [320]. In 

essence, the action of genetic modifiers is evident when the genetic background affects 

the expression of a trait [272]. And this has actually been shown in HD knock-in mouse 

models where three different inbred strain backgrounds (C57BL/6, FVB/N and 129Sv) 

manifested variable phenotype severities [268]. This study provided evidence for genetic 

modifiers of HD CAG repeat instability (increased repeat instability in both C57BL/6 and 

FVB/N backgrounds compared with 129Sv) and striatal-specific phenotypes (fastest 

accumulation of nuclear mutant huntingtin and formation of NIIs in the C57BL/6 

background and slowest in the 129Sv), and were a proof of concept for the use of CSS 

mice to dissect the puzzling results coming out from HD AO unbiased screens.   
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Our lab and others have previously used genetic linkage to identify a human 

chromosomal region associated with AO on the large 6q23-24 interval [243-245]. This 

region is in syntenous relationship with mouse chr10 that is highly polymorphic between 

C57BL/6J and A/J strains. The use of the novel CSS approach, and in this specific case of 

CSS10 mice, allowed us to compare the effect of this particular chromosomal region in 

these two different inbred strains. Actually, compelling phenotype differences have already 

been reported between C57BL/6J (the recipient strain) and CSS10 mice, such as 

behavioral (anxiety, balance and coordination, fear conditioning, involuntary movements 

and wildness), hearing and nervous system (autonomic, neuromuscular and sensorimotor 

functions and sensory gating) phenotypes [321-328]. These findings are strong evidence 

that C57BL/6-A/J variants within the chr10 region are able to affect the expression of 

different traits. Moreover, in our own dataset, we showed that the presence versus 

absence of a single chr10A/J affects the rate of body weight gain [Article 10]. This is a very 

important observation, that in a certain way validates our HD consomic model, as a 

phenotype screening of the CSS mice panel has shown the presence of a genetic 

resistance to diet-induced obesity QTL at chr10, where C57BL/6J mice gained weight 

more rapidly than A/J mice while CSS10 weight gain was intermediate between the 

parental strains [329,330]. Our results showed that this trait is affected by the genetic 

background in a dominant manner, as a single copy of chr10A/J is sufficient to alter the rate 

of body weight gain.  

More importantly, we tested whether dominantly acting chr10 A/J-C57BL6/J variants 

could influence CAG repeat instability and/or the rate of the early disease process that 

leads to pathology in heterozygous C57BL6/J HdhQ111 knock-in mice. Our results revealed 

that a single copy of chr10A/J was sufficient to mildly increase the levels of repeat instability 

in the liver, the number of neuronal huntingtin nuclear inclusions, and also alter the 

DARPP-32 levels in MSNs [Article 10]. Even though none of these differences reached 

statistical significant when comparing HdhQ111/+B6 and HdhQ111/+B6.AJ10 mice, variants 

influencing onset of HD symptoms are expected to have relatively small effects in the 

continuous disease process that leads to pathology in our knock-in model, and therefore 

in order to ensure full penetrance of these phenotypes large and/or older cohorts of mice 

might be necessary. Indeed, our study seems to be underpowered as, based on our 

current data, we would need as twice as many mice per group to detect a significant effect 

of the chr10A/J variants in the traits analyzed. However, the fact that the same trends were 

observed in our pilot study with an even smaller number of animals [Article 10 – 

Supplementary data], suggests that there is at least one A/J variant on chr10A/J 

modulating some of the mechanisms involved in HD pathogenesis.  
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One of the major limitations of the CSS approach is that QTLs are assigned to the 

entire substituted chromosome, and therefore we cannot distinguish if the effects 

observed in our dataset are due to one or multiple A/J variants within chr10. Even if we 

take in account only non-synonymous coding SNPs, which are more likely to be 

functional, there are 106 potentially modifier variants at chr10A/J. From these only 19 are 

located within homologue genes of the human 6q23-24 linkage interval, such as the Utrn 

(utrophin) gene known to participate in post-synaptic membrane maintenance and 

acetylcholine receptor clustering, and Sash1 (SAM and SH3 domain containing 1) that 

interacts with the actin cytoskeleton and stimulates cell-matrix adhesion [331,332]. Even 

though there are still a substantial number of genes that are polymorphic at chr10 

between C57BL/6J and A/J and therefore potential candidate modifiers of the disease 

process triggered by the Htt CAG repeat allele, our suggestive findings encourage a larger 

study for fine mapping, which can be easily assessed with the now available sub-

consomic panel of CSS10 mice. Our results also nurture the use of CSS and sub-strains 

to address the need for novel strategies to elucidate genetic modifiers of human disease 

mutations or risk factors, identified in unbiased genetic studies. This novel approach 

enables to gather additional information about how modifiers in a specific locus 

functionally modulate a particular complex trait subsequently allowing to better test which 

of the candidate genes in that region is indeed modifying the trait.   

 

In conclusion, the studies performed in this thesis focused on the application of 

different classical genetic approaches to study genetic factors and their impact on the 

disease pathogenesis of highly penetrant disorders, using HD as a disease model.  

Our current understanding of the pathological process that leads up to the 

manifestation of HD clinical symptoms is still scarce and remains a major challenge for the 

HD research community, who’s ultimate goal is the development of effective therapeutic 

strategies for this devastating disorder. Our critical studies of candidate gene modifiers 

might have failed to single out common genetic variants whose functional action produces 

the heritable variation observed in HD, but they have clearly demonstrated the critical 

repercussions that ancestry and improper estimation of residual phenotype can have on 

candidate gene association analysis. More importantly, our work has now prompted other 

HD researchers to take into account these potential sources of bias in their genetic 

association studies. We believe we have provided the basis for a more rigorous and 

reliable statistical assessment of candidate modifier variants in HD research, and genetic 

modifiers research in general, hopefully avoiding a redundant misuse of time, energy, and 

funds pursuing false leads as targets for pharmacological intervention. The dearth of 

believable genetic modifiers for AO of HD motor symptoms after 20 years of research 
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highlights the importance of unbiased approaches in HD. We anticipate that the current 

efforts of the worldwide multi-center GWAS consortium, which we are a major contributor, 

and of genome-wide screens for common and rare variants will prove to be the most rapid 

and definitive way to identify genetic modifiers of HD pathogenesis. Ultimately, for 

therapeutic development, it will be necessary to define the mechanism of action of the 

candidate regions of the genome implicated by these unbiased screens, which typically 

are large precluding unbiased gene-by-gene analyses. Our encouragingly data using the 

novel CSS mice approach, to evaluate the large chromosomal region that consistently 

emerged from linkage studies in HD families, sets up the stage for the use of this 

pioneering cross-species functional approach to map and evaluate modifiers by parsing 

the candidate regions.  

In the long run, we envisage that understanding the mechanisms modulating HD 

disease expressivity will lead to improve prediction, management, treatment and perhaps 

even prevention of HD. 
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