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ABSTRACT
Genome-wide association studies (GWAS) have contributed greatly to unravelling 

the genetic basis of Alzheimer disease (AD). However, a large amount of ‘missing 

heritability’ remains. In this exploratory study, we investigated the effect of CAG repeats 

in polyglutamine disease-associated genes (PDAGs) on the risk of AD and its expression. 

In a cohort of 959 patients diagnosed with AD (Amsterdam Dementia cohort) and 4106 

cognitively healthy participants (Leiden 85-plus Study and the Prospective Study of 

Pravastatin in the Elderly at Risk), we determined the CAG repeat sequences in ATXN1, 

ATXN2, ATXN3, CACNA1A, ATXN7, TBP, HTT, ATN1 and AR. We did not find a significant 

association between the risk of AD and variations in CAG repeat numbers of PDAGs. 

However, we found that differences in CAG repeat numbers in ATXN1, ATXN2 and AR 

were significantly associated with several clinical and imaging features in AD patients. 

Specifically, the association between memory performance in AD patients and the CAG 

repeat size in the longer ATXN1 allele, and the association between atrophy in the medial 

temporal lobes and the CAG repeat number in the longer AR allele remained significant 

after correction for multiple testing. Our findings suggest that repeat polymorphisms in 

ATXN1 and AR can act as important genetic modifiers of AD, warranting further scrutiny 

of their role in its missing heritability and pathogenesis.

Keywords: Alzheimer disease; missing heritability; CAG repeat polymorphisms; 

polyglutamine diseases; Huntington disease
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INTRODUCTION
Dementia currently affects 50 million people worldwide with its total global societal cost 

estimated at US$ 818 billion in 2015. By 2050 the number of individuals with dementia will 

have tripled with 152 million being affected. Together these facts indicate that dementia 

is an increasing burden on society which has prompted the World Health Organization 

(WHO) to recognize dementia as a public health priority.1,2 Alzheimer disease (AD) is 

the most common cause of dementia, accounting for 60-70% of the cases. The overall 

heritability of AD is estimated to be as high as 60-80% and genome wide association studies 

(GWAS) have provided crucial information in understanding the genetic architecture of 

AD.3,4 However, a relatively large proportion of the genetic determinants of AD remains 

to be elucidated, the so called ‘missing heritability’.5 A possible cause is that GWAS, aside 

from single-nucleotide polymorphisms (SNPs), cannot assess the contribution of other 

important genetic polymorphisms, especially DNA repeat variations. Three percent of 

the human genome consists of such tandem repeats,6 a larger proportion than the entire 

protein coding sequences, which thus substantially contribute to genetic variation.7-9

Nine hereditary neurodegenerative diseases, known as polyglutamine diseases, including 

Huntington disease (HD), are the most prevalent disorders associated with DNA repeat 

variations.10,11 These diseases are caused by an elongated cytosine-adenine-guanine 

(CAG) repeat sequence in the protein-coding region of the respective polyglutamine 

disease-associated gene (PDAG) (Table 1).12-31 Polyglutamine diseases are characterized 

by progressive motor symptoms, psychiatric disturbances and cognitive deterioration. 

Increasing evidence implicates the polyglutamine domains of the associated proteins as 

critical regulators of fundamental homeostatic cellular processes such as transcriptional 

regulation, mitochondrial energy production and autophagy,3,9,32 dysregulation of which 

has been associated with ageing and age-related disorders such as AD.33-36 However, to 

what extent more common CAG repeat length variations in PDAGs are associated with 

the risk of AD and its clinical features is still unknown. As polyglutamine diseases are 

caused by expanded repeat sequences, we hypothesized that larger repeat numbers in 

these genes would be associated with a higher AD risk and more severe disease expression. 

In addition, we also assessed for more complex, non-linear effects of CAG repeat size 

variations as these have been reported in other neuropsychiatric disorders.37,38 Therefore, 

in this exploratory study, we aimed to assess whether CAG repeat length variations in 

PDAGs 1) were associated with the risk of developing AD, and 2) could act as modifiers 

of clinical features of AD, including age of onset, cognitive functioning and brain atrophy.

SUBJECTS AND METHODS
Subjects
We genotyped the nine known PDAGs (including ATXN1, ATXN2, ATXN3, CACNA1A, 

ATXN7, TBP, HTT, ATN1 and AR) in participants with sufficient amounts of DNA available 
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from blood samples of three well-characterized cohorts: The Amsterdam Dementia 

Cohort (Cohort 1), The Leiden 85-plus Study (Cohort 2) and the Prospective Study of 

Pravastatin in the Elderly at Risk (PROSPER, Cohort 3). 

Cohort 1
The Amsterdam Dementia Cohort is an ongoing memory clinic cohort now including over 

5000 patients from VUmc Alzheimer center, the Netherlands.39 From this cohort, a subset 

of 959 patients was selected based on a diagnosis of probable AD. Clinical diagnosis 

of probable AD was established by consensus in a multidisciplinary team, according 

to the National Institute on Aging and Alzheimer’s Association (NIA-AA) criteria.40 

Global Cognition was estimated using the mini-mental state examination (MMSE) and 

the Cambridge Cognitive Examination (CAMCOG).41-43 To evaluate memory function, 

the visual association test (VAT) and the total immediate recall and delayed recall of 

the Rey auditory verbal learning task (Dutch version) were applied.44,45 Attention and 

executive functions were measured through the Trail Making Test (TMT) A and B as well as 

the Stroop (interference) test.46,47 MRI images were obtained on 1.0 and 1.5 T MR systems 

(Siemens MAGNETOM Impact and Sonata, GE Healthcare Signa HDXT) and more recently 

on a 3T whole body MR systems scanner (MR750, GE Medical Systems, Milwaukee, WI, 

USA; Ingenuity TF PET/MR, Philips Medical Systems, Best, The Netherlands; Titan, Toshiba 

Medical Systems Japan). An experienced neuro-radiologist reviewed and scored all scans. 

Atrophy of the medial temporal lobes was rated on the coronal reconstructions of the T1-

weighted MRI scans using a 5-point visual rating scale (0-4).48 Posterior atrophy was rated 

on the combination of T1-weighted and FLAIR sequences using a 4-point visual rating 

scale (0-3), while global cortical atrophy was rated on FLAIR sequences using a 4-point 

visual rating scale (0-3).49-51 The Medical Ethical Committee of the VU University Medical 

Centre approved the protocol and informed consent was obtained from all participants.39

Cohort 2 and Cohort 3
The Leiden 85-plus Study was a population-based prospective follow-up study among 

599 85-year-old residents of Leiden, The Netherlands, who were recruited between 

September 1997 and September 1999.52 The PROSPER originally was a prospective 

multicentre randomized placebo controlled trial to assess the effect of treatment with 

pravastatin on the risk of major vascular events among 5786 men and women between 

70-83 years old with a pre-existing vascular disease or a raised risk for such a disease. 

Previous research showed that the treatment with pravastatin in this cohort did not 

affect cognitive function or brain atrophy. 53,54 PROSPER participants were recruited from 

three countries with 2517 individuals from Scotland, 2173 individuals from Ireland and 

1096 individuals from the Netherlands. In both cohorts, global cognition was assessed 

using the MMSE.41,42,55 Further details of both the study protocols have been described 

before.52,56,57 We used all participants in Cohort 2 and Cohort 3 without a diagnosis of 
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dementia and with an MMSE > 27 as controls (Cohort 2: n=205; Cohort 3: n=3901), in 

this way including only participants with a healthy global cognition.42 The Medical Ethical 

Committee of Leiden University Medical Centre approved the Leiden 85-plus study and 

the institutional ethics review boards of all involved centres approved the PROSPER study. 

All participants gave informed consent.52,55

Genotyping
To determine the CAG repeat length in the nine PDAGs for each included individual, 

a polymerase chain reaction (PCR) was performed in a TProfessional thermocycler 

(Biometra, Westburg) with labelled primers flanking the CAG stretch of the PDAGs 

(Biolegio) (Supplemental Table 1). The PCR was performed using 10 ng of genomic 

DNA, 1x OneTaq mastermix (New England Biolabs, OneTaq Hot start with GC Buffer 

master mix), 1 µl of primer Mix A or B (Supplemental Table 1) and Aqua B. Braun water 

to a final volume of 10 µl. The PCR was run with 27 cycles of 30 seconds, denaturation at 

94°C, one minute of annealing at 60°C and two minutes elongation at 68°C, preceded by 

five minutes of initial denaturation at 94°C. Final elongation was performed at 68°C for 

five minutes. Every PCR included a negative control without genomic DNA and a reference 

sample of CEPH 1347-02 genomic DNA. The PCR products were run on an ABI 3730 

automatic DNA sequencer (Applied Biosystems) and analysed using the GeneMarker 

software version 2.4.0. For every analysis, we included three controls with known CAG 

repeat lengths for each PDAG to assure every run was performed reliably. All assessments 

were performed by randomizing study participants across batches while researchers were 

blinded with respect to the clinical information.

Statistical Analysis
The association of an AD diagnosis and the CAG repeat length variations was assessed 

via multilevel mixed-effects logistic regression, using the participants in Cohort 1 as cases 

and the selected participants in Cohort 2 and Cohort 3 as healthy controls. We chose 

this analysis method in order to correct for population stratification by incorporating 

country (i.e. The Netherlands, Scotland or Ireland) as a random effect. The association 

of the clinical and imaging features of AD with CAG repeat variations in PDAGs in 

Cohort 1 was assessed using generalized linear regression. All clinical measurements 

were converted to Z-scores and per cognitive domain (i.e. global cognition, memory, 

attention and executive function) summary scores were calculated as average Z-scores. 

The summary scores of these domains and age of onset in AD were subsequently used 

as dependent variables in the generalized linear regression models. The summary score 

of global cognition consisted of the average Z-score of MMSE and CAMCOG. Memory 

was defined as the average Z-score of VAT and the average immediate and delayed 

recall of the Rey auditory verbal learning task. A summary score of attention included 

the average Z-scores of TMT A, the colour reading segment of the Stroop test (Stroop 
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I) and the word reading segment of the Stroop test (Stroop II), and executive function 

comprised the average Z-score of TMT B and the interference segment of the Stroop 

test (Stroop III). The data on the TMT and Stroop tests had a skewed distribution and 

thus were log-transformed and inverted as higher scores indicated a worse performance. 

Furthermore, atrophy of the medial temporal lobes (MTA) and the posterior lobes (PA) 

were defined as the average Z-scores of atrophy in the right and left lobe. Global atrophy 

in itself was also converted to a Z-score. 

To assess whether CAG repeat variations in the PDAGs could explain a significant additional 

amount of variation in the respective dependent variable, we first performed an omnibus 

test per dependent variable (i.e. a likelihood ratio test for the risk of AD and a restricted 

F-test for age of onset, global cognition, memory, attention, executive function, global 

atrophy, MTA and PA) with the CAG repeat lengths in both alleles of all PDAGs as 

independent variables, including interaction and quadratic terms for both alleles at each 

locus to assess potential non-linear effects 58,59. All continuous variables were centred 

around their respective means to reduce multicollinearity. Subsequently, only in cases 

where an omnibus test for the respective outcome was statistically significant (degrees 

of freedom = 45, false discovery rate (FDR) q-value < 0.05), 60 we performed a second 

omnibus test per PDAG, where we included as independent variables only the five terms 

associated with each locus (i.e. CAG repeat sizes in both alleles, their interaction and 

a quadratic term for each allele). Since AR is linked to the X-chromosome, we analysed 

the shorter and longer allele of AR in separate models. All models, except the models 

with age of onset as the outcome, included age, sex and education level as covariates. 

The model with age of onset as the outcome did not include age at assessment because 

age at assessment by definition occurs after the age of onset and, therefore, cannot be 

expected to have influenced age of onset in any biologically plausible way. The models 

with age of onset, atrophy or cognitive summary scores as outcome were additionally 

corrected for APOE genotype. Furthermore, the models with atrophy as outcome were 

also adjusted for duration of symptoms, while the models with cognitive summary scores 

were adjusted for both duration of symptoms and brain atrophy, defined as the average 

Z-score of all atrophy measurements. Only when the second omnibus test was nominally 

significant (degrees of freedom = 5, p < 0.05), we performed post-hoc tests by assessing 

the effect of the individual PDAG alleles and their associated higher-order terms. For 

these post-hoc tests we applied an FDR with a q < 0.05 considered to be statistically 

significant. Non-significant higher order terms were removed from this original model 

to arrive at a final model. For all final models including a significant PDAG effect, the R2 

was calculated to determine the amount of variance explained by each gene. To account 

for potential effects of heteroscedasticity and influential points, all statistical significance 

tests were based on robust estimators of standard errors and all CAG repeat lengths 

with a frequency of less than five were excluded (Supplemental Table 2 and 3). Due to 
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the exploratory nature of this study, we also report results that did not remain significant 

after correction for multiple testing as assessing these associations further could be of 

interest in future research. Data are displayed as means and 95% confidence intervals 

(CIs) unless otherwise specified. All analyses were performed in STATA/SE version 14.2 

(StataCorp LLC).

A post-hoc sensitivity analysis showed that, at a significance level of α = 0.0056 (0.05/9), 

for each PDAG our sample size (4106 controls and 959 AD patients) would be sufficient 

to detect an odds ratio of ≥ 1.05 for the association between CAG repeat number and 

the risk of AD with a statistical power of 0.80. Similarly, under the same assumptions, our 

AD sample size would allow for the detection of an effect size (defined as Cohen’s f) of 

at least 1.37 x 10-2 for the association between CAG repeat number in each PDAG and 

clinical/ imaging measures of AD (n=959) (calculated using G*Power version 3.1.9.2).61

RESULTS
AD risk was not associated with CAG repeat size
From the 959 cases in Cohort 1, 205 controls in Cohort 2 and 3901 controls in Cohort 3 

we were able to determine the CAG repeat length of between 5021-4724 individuals for 

each gene. The lacking samples were due to too little available DNA material and were 

missing completely at random (112-409, Table 1). Between 0.0 to 0.4% of the cases per 

gene were excluded from the analyses because of CAG repeat numbers with a frequency 

lower than five (Supplemental Table 2). In Cohort 1, the patients were younger and 

had a lower average MMSE score compared to the participants in Cohort 2 and Cohort 3 

(controls) (Table 2) In Cohort 2, more females participated and the level of education was 

lower compared to the other cohorts. The initial omnibus test assessing the association 

between the risk of AD and the CAG repeat variations in the PDAGs was not significant, 

indicating that the CAG repeat variations in the PDAGs did not explain any additional 

variation in the risk of AD (p = .635). 

CAG repeat size variations and disease severity in AD
In AD patients, we assessed associations between CAG repeat sizes and both clinical and 

imaging features. The clinical and imaging scores significantly associated with the CAG 

repeat sizes in PDAGs after correction for potential confounders, including age, sex and 

level of education are displayed in Table 3. Only the association between memory and 

the CAG repeat number in the longer ATXN1 allele, and the association between MTA 

and the CAG repeat number in the longer AR allele remained significant after correction 

for multiple testing and robust after visual inspection.
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Age of onset
Although the omnibus tests indicated that age of onset in AD was significantly related 

to ATXN2 and TBP CAG repeat sizes, the individual coefficients of neither gene were 

statistically significant (Supplemental Table 4), potentially indicating an effect size too 

small to be detected with our sample size.

Memory, attention, executive and global cognitive function
We found that larger CAG repeat numbers in the longer ATXN1 allele were significantly 

associated with worse memory (Figure 1). This association remained significant and 

robust after correction for multiple testing, explaining almost 1% of the variation in 

memory among AD patients. Although attention also appeared to be significantly 

associated with the interaction between the shorter and longer ATXN1 alleles CAG repeat 

size (Supplemental Figure 1), this association did not remain significant after correction 

for multiple testing. For ATXN2, the models indicated a significant effect on executive 

Table 3. Final corrected models significantly associated with clinical and imaging features of 
Alzheimer disease in Cohort 1.

Outcome Variable β-coefficienta SE t p-value 95% CI R2

Clinical features

Attention ATXN1_sb 0.057 0.039 1.46 .145 -0.020 0.134 12.3*10-3

ATXN1_lb -0.069 0.026 -2.68 .008 -0.119 -0.018
ATXN1_slb 0.037 0.014 2.53 .012 0.008 0.065

Memory ATXN1_sb 0.041 0.034 1.19 .234 -0.026 0.107 9.3*10-3

ATXN1_lb -0.064 0.021 -3.06 .002* -0.104 -0.023

Executive 
function

ATXN2_sb 0.612 0.112 5.48 <.001* 0.392 0.831 7.9*10-3

ATXN2_lb 0.077 0.052 1.47 .142 -0.026 0.179
ATXN2_s2b 0.161 0.028 5.70 <.001* 0.106 0.217
ATXN2_slb -0.270 0.067 -4.04 <.001* -0.401 -0.138

Imaging features

MTA AR_sc 0.030 0.013 2.42 .016 0.006 0.055 6.0*10-3

AR_lc 0.031 0.011 2.66 .008* 0.008 0.053 7.8*10-3

PDAG = polyglutamine disease-associated gene. s = relatively shorter allele. l = relatively longer allele. s2 = 
quadratic term relatively shorter allele. sl = interaction term relatively shorter and longer allele. SE = standard 
error. CI = confidence interval. R2 = estimated variation explained by the significant association. AR (short) = 
the relatively shorter X-linked AR allele assessed in both men and women. AR (long) = the relatively longer 
X-linked AR allele assessed in both men and women. a) Increase in summary score per CAG repeat number 
increase. b) Estimates corrected for age, sex, level of education, duration of AD symptoms, atrophy summary 
score and APOE genotype. c) Estimates corrected for age, sex, level of education, duration of AD symptoms and 
APOE genotype.*) p-value statistically significant after correction for multiple comparisons.
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Figure 1. The association between the summary score of memory and the CAG repeat 
number in the longer ATXN1 allele. The summary score of memory was significantly associated 
with the CAG repeat number in the longer ATXN1 allele. Larger CAG repeat numbers in the longer 
ATXN1 allele are associated with a decreased summary score of memory. This association remained 
significant after correction for age, sex, level of education, duration of AD symptoms and summary 
score atrophy (β = -0.063 ± 0.021, 95% CI -0.104 to -0.022, p-value = .002). This association 
remained significant after correction for multiple testing.

function, however, visual inspection of this association showed that this relation was 

mainly driven by a few influential points and, thus, unlikely to be robust (Supplemental 
Figure 2). Lastly, the initial omnibus test with global cognitive function as dependent 

variable was not significant (p = .076).

Brain atrophy
Global brain atrophy was not significantly associated with CAG repeat size in any of 

the PDAGs (all p > .066). In contrast, larger CAG repeat sizes in either of the AR alleles 

were significantly associated with more severe MTA (Figure 2A and B). The association 

between MTA and the CAG repeat number in the longer AR allele remained significant 

after correction for multiple testing and explained almost 0.8% of the variation in MTA 

among AD patients. The initial omnibus test with PA as dependent variable was not 

significant (p = .103).

DISCUSSION
Our study is the first to investigate the effect of CAG repeat size variations in PDAGs on 

AD risk and its clinical and imaging features. We did not find a significant association 

between the risk of AD and the CAG repeat number in any of the PDAGs. However, CAG 

repeat numbers in ATXN1 and AR had robust associations with different disease features 
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A)

B)

Figure 2. The association between the summary score of atrophy in the medial temporal 
lobes and the CAG repeat number in the shorter and longer AR alleles. Both larger CAG 
repeat numbers in the shorter AR allele (A) and the longer AR allele (B) were associated with higher 
summary scores of medial temporal atrophy. These associations remained significant after correction 
for age, sex, level of education and duration of AD symptoms; short: β = 0.029 ± 0.013, 95% CI 
0.003 to 0.056, p-value = .016, long: β = 0.031 ± 0.011, 95% CI 0.008 to 099.053, p-value = .008). 
After correction for multiple testing, the association between medial temporal atrophy and the CAG 
repeat number in the longer AR allele remained significant.

in AD, including memory, attention and MTA. Although only the association between 

memory and the CAG repeat number in the longer ATXN1 allele, and the association 

between MTA and the CAG repeat number in the longer AR allele remained significant 

after correction for multiple testing, our findings suggest that the role of these repeat 

polymorphisms as complex genetic modifiers of AD merits further scrutiny.
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Individuals with CAG repeat sequences of 39 or more in ATXN1 suffer from the hereditary 

neurodegenerative disorder spinocerebellar ataxia type 1 (SCA1). SCA1 is characterized 

by cerebellar ataxia, dysarthria, bulbar degeneration and in advanced stages also 

cognitive impairment.62 Reported impaired cognitive domains include executive function, 

visuospatial thinking, attention and memory.63-67 Our results parallel these cognitive 

symptoms in SCA1 patients as larger CAG repeat numbers in the longer ATXN1 allele 

were associated with worse memory and attention in AD patients as well. Furthermore, 

a GWAS study identified a single-nucleotide polymorphism in an intron of ATXN1 as 

a susceptibility marker for AD. Subsequent functional analysis studies demonstrated that 

ATXN1 loss of function potentiates β-amyloid precursor protein (APP) processing and 

subsequently increases levels of both Aβ40 and Aβ42,68 that can lead to learning and 

neurobehavioral abnormalities.69,70 Although the contribution of the ATXN1 polyglutamine 

domain to this process is unknown, we hypothesize that elongation of the polyglutamine 

tract could contribute to a loss-of-function effect of the ataxin-1 protein (ATXN1) 

(Figure 3A). Supporting this notion is the fact that an elongated ATXN1 leads to loss of 

the ATXN1-CIC complex, which in turn is associated with learning and memory deficits in 

Figure 3. A model of how increased numbers of CAG repeats in ATXN1 and AR could 
potentially affect the pathology of Alzheimer disease. A. An increased number of CAG repeats 
in the longer allele of ATXN1 is known to lead to a loss of the ATXN1-CIC complex, which in 
turn was associated with memory deficits in mice and humans.71,72 In addition, larger CAG repeat 
numbers in ATXN1 impair the function of the ataxin-1 protein, which has been associated with 
potentiation of the β-amyloid precursor protein (APP) and the subsequent increase in levels of 
β-amyloid (Aβ) that can lead to the formation of Aβ plaques, and learning and neurobehavioral 
abnormalities.68,70,80 B. Larger CAG repeat numbers in AR result in a loss of androgen receptor 
sensitivity and decreased transcriptional activity of androgen responsive genes. Since decreased 
levels of androgen were associated with increases in Aβ accumulation, we hypothesize that this 
decrease in androgen receptor sensitivity could also lead to an increase in Aβ, the subsequent 
formation of plaques and an increase in imaging features of Alzheimer disease.76

A)

B)
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mice and humans.71,72 Collectively, these results suggest that larger CAG repeat sequences 

within the normal range of ATXN1 could affect and worsen clinical features of AD.

The progressive neuromuscular disorder spinal and bulbar muscular atrophy (SBMA) 

or Kennedy’s disease is caused by a CAG repeat sequence longer than 35 repeats in 

the X-linked AR gene. AR encodes the androgen receptor (AR). Longer CAG repeat 

sequences in AR are associated with an earlier onset of motor-symptoms and differences 

in disease manifestations.73-75 In addition, CAG repeat polymorphisms in exon 1 of the AR 

gene modulate androgen sensitivity and elongated repeat sequences result in decreased 

androgen receptor action and decreased transcriptional activity of androgen responsive 

genes. Androgens have been shown to influence brain β-amyloid levels and deposition. 

Decreased androgen levels were associated with region-specific increases in β-amyloid 

accumulation in mice and decreased testosterone levels were found in male AD brains.76-78  

In accordance with these findings, we found that a higher CAG repeat number in AR 

was associated with more MTA in patients with AD, indicating that larger CAG repeat 

numbers in AR and the resulting decline in sensitivity of the androgen receptor for 

androgens  might lead to an increased deposition of β-amyloid and thus more neuronal 

cell death and brain atrophy (Figure 3B).

As our results indicate, the associations between characteristics of AD and the CAG 

repeat polymorphisms in the different PDAGs were complex. Larger CAG repeat numbers 

in ATXN1 led to a worse memory, while the interaction between both ATXN1 alleles 

affected attention. Furthermore, CAG repeat numbers in both AR alleles had an inverse 

association with MTA. However, no associations between the clinical characteristics of 

AD and the CAG repeat polymorphisms in ATXN3, CACNA1A, ATXN7, TBP, HTT and 

ATN1 were found. The variation in types of association or the absence of an association 

could be due to the subtle and complex effects that the polyglutamine stretch has 

on the respective genes and proteins. Variations in CAG repeat number can change 

associated protein properties, such as flexibility and binding affinity. In addition, these 

stretches can alter the local DNA structure and transcription activity. These effects 

are very likely to be both gene and protein context specific. 79 However, much is still 

unknown about the specific influence of repeat polymorphisms on normal protein 

transcription and function. Therefore, studies investigating the precise molecular effects 

of CAG repeat polymorphisms within the normal range are needed to pinpoint the exact 

pathophysiological mechanisms involved.

The major limitations of our study were the relatively small number of subjects included in 

Cohort 1 (n=959). Therefore, our study likely lacked sufficient statistical power to detect 

associations between the clinical and imaging features of AD and the different CAG 

repeat polymorphisms that would remain significant after correction for multiple testing. 
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In order to obtain more robust results, future studies in larger cohorts of patients with 

AD are warranted. 

In conclusion, we were unable to find a significant association between the risk of AD 

and CAG repeat numbers in the PDAGs. However, we found tentative evidence that 

CAG repeat polymorphism in ATXN1 and AR can act as complex genetic modifiers of 

AD phenotype. Specifically, larger CAG repeat numbers in the longer ATXN1 allele were 

associated with a worse memory and larger CAG repeat numbers in the longer AR 

allele were associated with more severe MTA, both findings remaining significant after 

correction for multiple testing and accounting for almost 1% and 0.8% of the variation 

in memory and atrophy among AD patients, respectively. Therefore, further research in 

larger cohorts is warranted to delineate the role of these tandem repeat polymorphisms 

in the pathogenesis of AD and their contribution to its missing heritability.
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Supplemental Table 2. Genotyped subjects per gene and number of excluded cases for Cohort 1, 
Cohort 2 and Cohort 3 combined

Gene
Total # of 
Subjectsa

Included range  
shorter alleleb

Included range  
longer alleleb

# Excluded 
cases (%)c

ATXN1 5016 25-33 28-38 20 (0.4)
ATXN2 4961 17-23 22-31 16 (0.3)
ATXN3 4927 14-28 14-38 15 (0.3)
CACNA1A 5018 4-14 7-17 0 (0.0)
ATXN7 4724 7-13 10-15 7 (0.1)
TBP 4970 27-40 30-42 12 (0.2)
HTT 5001 9-26 15-35 15 (0.3)
ATN1 5021 5-18 8-24 21 (0.4)
AR shorter allele 4932 13-31 - 18 (0.4)
AR longer allele 4932 - 14-32 16 (0.3)

a) Due to insufficient amounts of DNA, we were unable to genotype all subjects for each gene. The number of 
lacking samples per gene ranged between 112-409 and were missing completely at random. b) Range of CAG 
repeats with frequencies of 5 or more. c) Number of cases excluded due to CAG repeat lengths not being within 
the range of CAG repeats with frequencies of 5.

Supplementary Table 3. Genotyped subjects per gene and number of excluded cases for Cohort 1

Gene
Total # of 
Subjectsa

Included range 
shorter alleleb

Included range 
longer alleleb

# Excluded 
cases (%)c

ATXN1 952 26-32 28-36 19 (2.0)
ATXN2 954 17-26 22-28 7 (0.7)
ATXN3 954 13-31 14-39 3 (0.3)
CACNA1A 954 4-13 7-14 8 (0.8)
ATXN7 930 7-13 10-16 2 (0.2)
TBP 953 29-39 35-40 13 (1.4)
HTT 952 9-24 15-30 15 (1.6)
ATN1 954 8-18 8-23 8 (0.8)
AR shorter allele 952 14-28 - 15 (1.6)
AR longer allele 952 - 16-31 14 (1.5)

a) Due to insufficient amounts of DNA, we were unable to genotype all subjects for each gene. The number 
of lacking samples per gene ranged between 5-29 and were missing completely at random. b) Range of CAG 
repeats with frequencies of 5 or more. c) Number of cases excluded due to CAG repeat lengths not being within 
the range of CAG repeats with frequencies of 5.
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Supplemental Table 4. The association between age of onset in Alzheimer disease and the CAG 
repeat number in polyglutamine disease-associated genes of which both omnibus tests were significant.

Gene Variable β-coefficienta SE t p-value 95% CI R2

ATXN2 ATXN2_s 0.617 0.554 1.11 .266 -0.471 1.704
ATXN2_l -0.296 0.251 -1.18 .239 -0.789 0.197

TBP TBP_s 0.320 0.156 2.05 .041b 0.014 0.627
TBP_l 0.053 0.329 0.16 .872 -0.592 0.698

PDAG = polyglutamine disease-associated gene. s = relatively shorter allele. l = relatively longer allele.  
sl = sl = interaction term relatively shorter and longer allele. SE = standard error. CI = confidence interval. AR 
(short) = the relatively shorter X-linked AR allele assessed in both men and women. AR (long) = the relatively 
longer X-linked AR allele assessed in both men and women. a) Increase in cognitive summary score per CAG 
repeat number increase corrected for age, sex, level of education, duration of AD symptoms, atrophy summary 
score and APOE genotype. b) Not significant before correction for age, sex, level of education, duration of AD 
symptoms, atrophy summary score and APOE genotype.

Supplemental Figure 1. The association between the summary score of attention and 
the interaction between the CAG repeat numbers in both ATXN1 alleles. When both 
the relatively short and the relatively long ATXN1 alleles were smaller than or equal to their medians, 
the summary score of attention was higher. The summary score of attention decreased when 
the relatively longer ATXN1 allele became larger than its median, but when both alleles were larger 
than their medians, the attention summary score increased again. I = both ATXN1 alleles ≤ median. 
II = the relatively shorter ATXN1 allele ≤ median and the relatively longer ATXN1 allele > median. III = 
both alleles > median. median shorter ATXN1 allele = 29 CAG repeats. median longer ATXN1 allele 
= 30 CAG repeats. After correction for multiple testing, this association did not remain significant.
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Supplemental Figure 2. The association between the summary score of executive function 
and the CAG repeat number in the shorter ATXN2 allele. The summary score of executive 
function had a non-linear association with the CAG repeat number in the shorter ATXN2 allele. Both 
smaller and larger CAG repeat numbers in the shorter ATXN2 allele were associated with a higher 
summary score of executive function. The result remained significant after correction for age, sex, 
level of education, duration of AD symptoms and summary score of atrophy (β = 0.151 ± 0.026, 
95% CI 0.099; 0.202, p-value < .001). However, this finding was dependent on several influential 
points, casting doubt on the validity of this association.






