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Background:Huntington's Disease (HD) is caused by an abnormality in theHTT gene. This gene includes trinucle-
otide repeats ranging from10 to 35, andwhen expandedbeyond39, causesHD.Wepreviously reported that CAG
repeats in the normal range had a direct and beneficial effect on brain development with higher repeats being
associated with higher cognitive function. The current study now expands this line of inquiry to evaluate the ef-
fects of CAG repeat throughout the entire spectrum of repeats from 15 to 58.
Methods:We evaluated brain function in children ages 6–18 years old. DNA samples were processed to quantify
the number of CAG repeats within HTT. Linear regression was used to determine if number of CAG repeats pre-
dicted measures of brain function.
Findings: The number of repeats in HTT, had a non-linear effect on a measure of general intelligence with an
inverted U shape pattern. Increasing repeat length was associated with higher GAI scores up until roughly 40–
41 repeats. After this peak, increasing repeat length was associated with declining GAI scores.
Interpretation: HTTmay confer an advantage or a disadvantage depending upon the repeat length, playing a key
role in the determination of intelligence, or causing a uniquely human brain disease.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The Huntingtin gene (HTT, OMIM 613004), is within a class of genes
which contain a key region of simple sequence repeats (SSRs). The
number of repeats typically ranges from around 10 to 35. However,
when the number of repeats reaches 40 and above, the fatal neurode-
generative Huntington's Disease (HD) occurs. HTT has been shown to
be critical for brain development (Cattaneo et al., 2005). Furthermore,
SSRs have been hypothesized to play a vital role in evolution (Frenkel
and Trifonov, 2012) by providing the variability needed to enhance
changes of brain development (Hannan, 2010b). We recently reported
the effects of HTT on brain structure and function in a large cohort of
children with CAG repeats below disease threshold. We showed that
the number of repeats in HTT, below disease threshold (15–35), confer
advantageous changes in brain structure and general intelligence (IQ):
the higher the number of repeats, the greater the change in brain struc-
ture, and the higher the IQ (Lee et al., 2017).
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Although the current concept of the pathoetiology of HD is that of a
neurodegenerative disease, mounting evidence suggests that abnormal
development may play a vital role in the pathology (Nopoulos, 2016).
This concept proposes that mutant HTT (mHTT) adversely affects brain
development, creating circuits that are abnormal but remain functional
in early life likely due to compensatorymechanisms (Arteaga-Bracho et
al., 2016). If this concept is true, then evaluation of the effects ofmHTT in
the disease range may show evidence of abnormal brain development.
It is well known that the number of CAG repeats above disease thresh-
old has a dose-dependent effect with longer repeats manifesting in ear-
lier onset of disease (Lee et al., 2013). In a manner similar to the effects
below disease threshold, it is hypothesized that increasing lengths of
CAGwould have increasing effects of maldevelopment. Taken together,
this suggests that when evaluating the effects of HTT along the entire
spectrum – from below disease threshold through above disease
threshold, a non-linear inverse U shaped curve might be expected
where increasing lengths below disease threshold have an advanta-
geous effect with a positive slope of change, yet increasing lengths
above disease threshold have a disadvantage creating a negative slope
of change in relation to increasing repeat lengths.

In a study designed to evaluate children (ages 6–18 years) at risk for
HD (called the Kids-HD study), we extend our previous study of brain
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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development in children with CAG repeats below disease threshold to
include the entire spectrum of repeats (15–58, in our data), focusing
on measures of cognition, motor skill and behavior. Our findings show
that the effects of CAG repeat are advantageous in the range below dis-
ease threshold yet increasing repeat lengths are detrimental above dis-
ease threshold.

2. Methods

2.1. Participants

The sample was composed of children at risk for HD, and a healthy
control sample. For the children at-risk cohort, adults who have been
clinically diagnosed as having HD, or tested gene positive, were asked
to enroll their children in the age range of 6–18 years. These families
came from all over the United States. For the healthy control sample,
children ages 6–18 were recruited from the local community by adver-
tisements. Exclusion criteria for all subjects were the history of a major
neurologic illness, brain surgery, or significant head trauma. All partici-
pants and their guardians signed informed consent prior to enrolling in
the protocol, which was approved by the University of Iowa Institu-
tional Review Board (IRB).

Testing for CAG repeat lengthwas done using DNA from blood or sa-
liva. Size of the CAG repeat region was determined with PCR analysis.
PCR primers that exclude the adjacent polymorphic CCG tract were
used to amplify the CAG region. A second set of primers that includes
the CCG polymorphism is routinely used to assist in differentiating
two alleles with an identical CAG repeat number. The CAG repeat length
for each subject is determined by comparing the PCR products to sizing
standards. Testing results were for research purposes only andwere not
released to study participants, their family, or members of the research
team.

Table 1 displays the demographic and CAG repeat data. A previous
analysis and publication of the effects of CAG repeat length in children
below disease threshold utilized a total of 211 subjects (75 gene non-
expanded and 136 healthy controls) (Lee et al., 2017). The current anal-
ysis expands this by adding 103 at-risk children and 2 healthy controls
for a total of 316 children. The at-risk sample is divided into those who
are Gene Expanded (GE, CAG repeat ≥40) and Gene Non-Expanded
(GNE, CAG repeat ≤39). There were a total of 74 GE individuals and
104 GNE individuals.

2.1.1. Refining the Sample to Exclude Disease Process
Studies of preHD adults have shown that as far back asmore than 10

years prior to disease onset, changes in the brain are detected (Ross et
al., 2014). One method to predict the time from assessment to onset
Table 1
Demographics of sample.

At risk

Gene expanded (GE) Gene non-expanded

Number of individuals 74b 104
Additional (return) visits 42b 81
Total observations 116 185
Female/male 76/40 107/78

Mean (s.d.) Mean (s.d.)
Range Range

Age (years) 13.0 (3.6) 13.0 (3.5)
6.0–18.9 6.0–18.9

CAG repeat 44.5 (4.6) 20.5 (4.0)
40–58 15–39

Parental SESa 2.63 (0.65) 2.66 (0.69)
2–5 2–5

a Parental Socioeconomic Status (SES) based on a modified Hollingshead scale of 1–5 with t
b Six GE subjects removed from analysis with CAP Inclusion criteria ≥0.68, 2 additional retur
of disease is the calculation of a CAP score (CAG-age product) which is
a proxy variable for time to diagnosis. CAP is computed by multiplying
age at study entry (Age0) by a scaling of the CAG repeat length (CAP
= Age0 × (CAG− 33.66)/432.3326). A low CAP score of b0.67 repre-
sents individuals who are far from onset (roughly 12 years) while sub-
jects in the medium group of N0.67 and b 0.85 are roughly 7.5 years
from onset and those with a CAP score N0.85 are estimated to be less
than 5 years to onset (Zhang et al., 2011). Importantly, cognitive
changes can be seen many years prior to disease onset which is defined
by motor abnormality. In a large study of nearly 600 preHD subjects, it
was shown that the low CAP score group showed no significant cogni-
tive change compared to gene negative controls in any measure
assessed. However, both medium and high CAP score groups showed
significant deficits of cognitive test scores compared to controls, demon-
strating the effect of the disease process happening even prior to motor
onset (Harrington et al., 2012). In the current study, the goal is to cap-
ture a measure of brain function that reflects brain development and
not disease (especially the cognitive changes seen in the time prior to
motor onset). In order to minimize the effects of the disease process,
we excluded any participant with a CAP score of N0.67. This removed
a total of 6 individuals with CAG repeat lengths ranging from 54 to 59,
age at assessment ranging from 12.7 years to 18.5 years and CAP scores
between 0.71 and 0.89. A higher CAP score could reflect either higher
age or higher CAG repeat. For instance, in our data, a CAP score of 0.31
is represented both by a 7.7 year old with a repeat of 51 and an 18.3
year old with a repeat of 41. Therefore although there remained many
subjects with repeat lengths N50, in order for them to have a CAP
score b0.68, they would have had to be assessed at a relatively young
age in order to be considered far from onset and not yet in the disease
process. Indeed, the average age of GE subjects with CAG repeat greater
or equal to 50 is 9.4 years (s.d. 1.9) compared to the average age of those
with repeat lengths between 40 and 49, at 13.3 years (s.d. 3.5).

As our protocol is longitudinal, several subjects returned for repeat
assessments: In the at-risk group, the GE group had 42 return visits
for a total of 116 observations. After exclusion of observations with
CAP scores N0.67 2 return visits were removed. The GNE group had 81
return visits for a total of 185 observations. In the control group, there
were 36 returns for a total of 174 observations. The mean interval be-
tween return visits was 24.9 months (s.d.=9.94). After removal of sub-
jects with CAP score N0.67, total number of subjects = 310, total
additional return visits = 157 for total number of observations = 467.
The average age of GE and the GNE groups was 13.0 with a range of
6.0 to 18.9 years of age, and the average age of the controls (174 obser-
vations) was 12.4 with a range of 6.0–18.9 years of age. Parental Socio-
economic Status (SES) was determined by a modified Hollingshead
Scale (1–5 where lower numbers mean higher SES), with a mean of
Healthy controls Combined at risk and healthy controls

Total

(GNE) N N

138 316
36 159
174 475
88/86 271/204

Mean (s.d.) Mean (s.d.)
Range Range
12.4 (3.5) 12.8 (3.6)
6.0–18.9 6.0–18.9
20.3 (4.00) 26.7 (11.4)
15–31 15–58
2.27 (0.45) 2.51 (0.63)
1–3 1–5

he higher the number, the lower the status.
n visits removed with CAP Inclusion criteria ≥0.68/ exclusion N0.67.



Fig. 1. The frequency distribution of the CAG repeats in the longest allele.
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2.63 (s.d.=0.65) for theGE sample, 2.66 (s.d) = 0.69 (for the GNE sam-
ple, and 2.27 (s.d.=0.45) for the control sample.

2.2. Functional Domains

General Ability Index (GAI) was determined by Wechsler Intelli-
gence Scale for Children-4th Edition (WISC-IV; for ages 6–16 years)
and Wechsler Adult Intelligence Scale, 4th Edition (WAIS - IV; for ages
17–18 years).

TheGeneral Ability Index (GAI) is a composite of Verbal Comprehen-
sion Index (VCI) and Perceptual Reasoning Index (PRI) used as an esti-
mate of global intelligence.

A battery of cognitive tests designed to assess specific areas of skill
was administered. To minimize number of comparisons, skill domains
were constructed by identifying a group of tests that measured specific
functional skill within that cognitive domain. Raw scores were utilized
and for consistency, all scores were first transformed into z scores
based on themean of the group. For scores inwhich a greater score rep-
resented worse performance, the sign of the metric was switched so
that higher meant better. Finally, a composite average of the z-scores
was calculated to determine the domain score, with a resulting domain
score inwhich higher scores indicate better performance. If any testwas
missing, then the score for that domainwas not calculated and therefore
not used in the analysis. Tests for the Language domain included the
Boston Naming Test (Kaplan et al., 1983) and the phonemic verbal flu-
ency, and free sorting description within the Delis-Kaplan Executive
Function System (Delis et al., 2001) (D-KEFS). Tests for the Visual-Per-
ceptual domain included the Benton Judgment of Line Orientation Test
(Benton et al., 1994) and the Bender Developmental Test of Visual-
Motor Integration (Brannigan, 2003). The Executive Function domain
was comprised of scores from the D-KEFS color word interference, ver-
bal fluency switching, and sorting tasks; and omissions and commis-
sions errors of the Continuous Performance Task (Conners, 2000).
Tests that constituted the Memory domain included the Wechsler spa-
tial span, the Children's Memory Scale (Cohen, 1997) and the Color
Span test (Richman and Lindgren, 1988). A Motor domain was com-
prised of measures from the Physical and Neurologic Evaluation of Sub-
tle Signs (PANESS) which assess motor function including gait, balance,
motor persistence, coordination, overflow, dysrhythmia, and speed
(Larson et al., 2007). A Behavior domain was calculated from total
scores of the Pediatric Behavior Scale (PBS) (Lindgren and Koeppl,
1987), a parent rating scale, and the Behavior Rating Inventory of Exec-
utive Function (BRIEF), a parent rating scale specifically geared toward
evaluation of executive function (Gioia et al., 2002).

2.3. Statistical Analysis

A typical longitudinal study analysis was not conducted meaning
that subjects were not evaluated in how they changed from time 1 to
time 2. Instead, the strategy was to use both baseline and repeat visits
in order to create the largest data base of observations. Then, these ob-
servations were used to predict a variable of interest, controlling for the
correlation that comes with repeatmeasures of the same person. This is
a method that is considered gold standard in the assessment of child-
hood samples spanning large age ranges (Giedd et al., 2008).

All analyses were performed by using SAS/STAT procedures. The
Mixed Procedure was used to run regression models while accommo-
dating repeat visits to predict quantitative measures of general intelli-
gence, and skill domain scores (dependent variables) based on CAG
length (independent variable). Analysis was done first using the allele
with the longest repeat and then repeated using the shorter allele. The
distribution of CAG repeat number was not normal based on the fre-
quency of allele lengths in the general population as well as those at
risk for HD (see Fig. 1). Therefore, CAG length was log transformed for
normalization, and this was used as the primary predictor of interest,
both in linear and non-linear (quadratic)models. Age, sex, and parental
socioeconomic status (SES) were controlled for due to their impact on
brain function. The model considered all potential interactions as well
as both linear and non-linear age relationships, which were dropped
from themodel if not significant. All domain scores (with the exception
of behavior) were correlated with GAI, (Pearson's r controlling for age,
sex, parental SES): Language r=0.61 (p b .01), Visual-Perceptual r=
0.53 (p b .01), Executive r= 0.41 (p b .01) Memory r= 0.44 (p b .01)
and Motor r= 0.20 (p b .01). Therefore, the model of these measures
additionally controlled for GAI in order to assess the effect of CAG repeat
length above and beyond that contributed by general intellect (again,
the exception was for behavior where GAI was not included as a covar-
iate). A 2-tailed alpha level of 0.05 was used for significance tests.

For visualization purposes only, the data set was divided into bins of
CAG repeat length, and any significant model was re-run with CAG bin
as a group variable, so that means and standard errors (s.e.) could be
plotted for each bin. The bin sizes were determined so that comparable
number of samples were represented in each bin, across the CAG length
spectrum. The observations below disease threshold comprised a large
portion of the sample (359 compared to 109 above disease threshold).
Therefore the first 2 bins contained those with CAG repeats 15–19 (n
= 189), and repeats 20–39 (n= 170). Those above disease threshold
were binned in the following manner: 40–41 repeats (n=22), 42–44
repeats (n=25), 45–48 repeats (n=37), and 49–58 repeats (n=25).

3. Results

Table 2 displays the results of the model analysis with respect to ef-
fects of CAG, including all variables (and interactions) in the foot notes
included in the final model. There was no linear effect of CAG repeat
on GAI (β=1.04, p= .61), however there was a strong non-linear ef-
fect which was negative (β=−20.2, p= .006), indicating an inverted
U-shaped curve. Fig. 2 illustrates this relationship with increasing re-
peats associated with higher GAI scores up until the bin of 40–41 re-
peats. After this peak, the average GAI decreased for each subsequent
group with longer average CAG repeats. Although this illustration sug-
gests that the peak GAI score is in children who are within the disease
producing range, it is important to caution against defining exactly
where the peak effect is given the low numbers of subjects in the groups
36–39 (n=13 observations) and 40–41 (n=22 observations).

Image of Fig. 1


Table 2
Results of analysis of brain function measures predicted by CAG repeat length, long allele.

Kids-HD sampleb CAG repeat length

Slope from linear
model

Quadratic term from
non-linear model

β (s.e.) p β (s.e.) p

WISC-IV and WAIS-IVa (n= 467)
General abilities index (GAI)d 1.04 (2.05) 0.612 −20.2 (7.3) 0.006
Domain Z scoresc

Language (n = 440)e 0.00 (0.06) 0.968 −0.35 (0.22) 0.102
Visual perceptualf (n = 438) 0.22 (0.07) 0.004 0.13 (0.276) 0.631
Executiveg (n= 399) −0.04 (0.06) 0.561 0.02 (0.24) 0.917
Memory (n = 424)h −0.02 (0.07) 0.76 −0.20 (0.25) 0.420
Motori (n = 455) 0.00 (0.07) 0.991 −0.23 (0.28) 0.37
Behaviorj (n = 445) −0.22 (0.13) 0.104 −0.21 (0.49) 0.675

a Wechsler Intelligence Scale for Children-4th Edition and Wechsler Adult Intelligence
Scale, 4th Edition.

b Analysis controlled for age, sex and parental socioeconomic status (SES). In addition,
for all domain scores except behavior, GAIwas controlled for in order to account for effects
of general intellect.

c Number of observations indicated in parentheses after accounting for missing data in
calculation of domain score.

d Primary effect of parental social class.
e Primary effect of age and age ∗ age interaction, sex effect F NM.
f Primary effect of age and age ∗ age interaction, sex effect M N F.
g Primary effect of age, sex effect F NM.
h Primary effect of age and age ∗ age interaction.
i Primary effect of age and age ∗ age interaction, sex effect F NM.
j Primary effect of age and age ∗ age interaction, sex effect F NM.
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Parental socioeconomic class had a primary effect on GAI and do-
main scores of language and behavior with all effects showing associa-
tion between higher socioeconomic class and higher scores (i.e. better
language performance and less problematic behavior). There was no ef-
fect of age on GAI (F=0.05, p= .83), consistent with literature that re-
ports developmental stability of intelligence measures (Burgaleta et al.,
2014; Deary et al., 2000). However, therewere primary effects of age on
all domain measures with higher scores being associated with increas-
ing age. Also, all domain scores, except for behavior had a non-linear
Fig. 2.General abilities index (GAI). Graph above shows results of thenon-linearmodel (β
=−20.2, p= .006) where the x-axis is represented by groups of subjects binned by CAG
repeat length of the longest allele, and the y-axis is themean GAI (bars are standard error)
for each group. To obtain mean GAI, ANCOVAwas performed between groups, controlling
for age, sex, and parental SES.
age effect in which there was a steep upward slope in scores with age
until approximately 16 years of age, where the slope became gradual,
indicating a slowing of age effects past 16 years. Females had higher
scores thanmales in domains of language, executive, motor, and behav-
ior while males had higher scores in the visual-perceptual domain.
There were no interactions between sex, CAG repeat and GAI or any do-
main score.

In regard to the domain scores, also shown in Table 2, the only signif-
icant relationship between CAG repeat length and functional measure
was with the linear model for the visual-perceptual domain score
which was positive (β = +0.22, p = .004) indicating that higher re-
peats were related to higher scores. This relationship is shown in Fig. 3
inwhich the domain scores increase from the lowest at the15–19 repeat
group to a peak at the 40–41 repeat group. After that, there is a modest
decline and plateau across the remaining end of the repeat spectrum.
Although the model is linear and the non-linear quadratic coefficient
for this variable was not significant, the pattern suggests a beneficial ef-
fect on visual-perceptual skills of repeats up to 40–41 repeats.

All models repeated using the shorter allele were non-significant in-
dicating it is the longer allele that acts in a fully dominant fashion.

A post-hoc analysiswas conducted toquantify thepercentage of var-
iance in GAI scores accounted for by CAG repeat. The sample was split
into two overlapping sections: to reflect both the advantageous effects
(CAG repeats 15–41) and the deleterious effects (CAG repeats 42 and
above). These sampleswere then run using the same linearmodel as be-
fore. Estimates of the variance explained by CAG repeat lengthwere cal-
culated by the R2 multiplied by 100, expressed as a percentage. The R2

was calculated to be the proportion of variance accounted for by the re-
gressors in the model, calculated using the residual variance of the full
model (Vfull) and the residual variance of the model without the regres-

sor of interest (Vnull) (Selya et al., 2012):R
2 ¼ Vnull−Vfull

Vnull
. Table 3 shows the

results of this analysis. The advantageous effects of CAG on GAI in the
range of 15–41 repeats accounts for 1.5% of the variance while the del-
eterious effects of CAG on GAI in the range of ≥ 42 is an even stronger
effect, accounting for 12.9% of the variance.
Fig. 3. Visual perceptual domain score. Graph above shows results of the linear model for
the visual-perceptual domain z score (β = +0.22, p = .004) where the x-axis is
represented by groups of subjects binned by CAG repeat length of the longest allele, and
the y-axis is the mean domain z score (bars are standard error) for each group. To
obtain mean visual-perceptual domain score, ANCOVA was performed between groups,
controlling for age, age ∗ age, sex, GAI and parental SES.

Image of Fig. 2
Image of Fig. 3


Table 3
Results of the analysis calculating the percentage of variance in GAI score accounte.

β (s.e.) p % Variance explained by CAG repeat

Advantageous effect on GAI (CAG repeat 15–41) +6.78 (3.41) 0.051 1.5%
Deleterious effect on GAI (CAG repeat ≥42) −54.23 (16.45) 0.002 12.9%
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4. Discussion

Our previous study found that increasing numbers of triplet repeats
in HTT, within the normal range, confer advantageous changes in the
function of the developing human brain, with more repeats being di-
rectly related to superior cognitive function. The current analysis ex-
pands these findings by showing that within the disease causing
range, the relationship is inverse – the greater the number of repeats,
the worse the cognitive function. Therefore, the effects of CAG repeats
in HTT may have simultaneous advantage and disadvantage, forming a
non-linear inverted U-shape relationship with advantageous changes
occurring belowdisease threshold andonce above disease threshold, in-
creasing CAG repeats results in aberrant development manifesting in
poorer cognitive function.Where exactly the zenith of the curve is in re-
gard to CAG repeats is not definitely addressed by this study as the low-
est number of observations were in the 25–39 repeat range and larger
samples could provide a more granular relationship to repeats within
that range.

The effect of CAG repeat lengthwas limited to the allelewith the lon-
gest repeat as analysis evaluating the effect of the shorter allele was
completely non-significant. This is consistent with other reports that
have shown the allele with the longest CAG repeat to be fully dominant
in both normal function below disease threshold as well as above dis-
ease threshold (Lee et al., 2012; Seong et al., 2005).

In regard to potential advantageous effects of HTT in the lower range
of the spectrum, there has been speculation that triplet repeat genes
may have been positively selected for in the evolution of the human
brain. Work by Cattaneo has shown that HTT is highly conserved
where greater number of repeats are found in more evolved species,
with humans having the highest number (Tartari et al., 2008). This sug-
gests that the high number of repeats is uniquely human and that the
selective pressure is geared toward repeat polymorphism.

The notion that intelligence has a strong genetic influence has been
known for over 100 years (Plomin and Deary, 2015), and general intel-
ligence (IQ) is considered to be one of the most heritable behavioral
traits in humans (Plomin et al., 2008). In contrast to the genetic studies
that have identified genes having substantial effects on anthropometric
measures such as height andweight, no studies have identified and rep-
licated any gene, or gene variant, that significantly relates to intellect
(Chabris et al., 2012). A recent Genome-wide association Study
(GWAS) meta-analysis analyzing 35,298 individuals, found two novel
loci that were associated with general cognitive function. Yet, the effect
sizes are small with findings accounting for roughly 0.1% of the variance
(Trampush et al., 2017). Importantly, GWAS studies identify genetic
variation, but they do not quantify simple repeat sequences such as
CAG repeats inHTT. Thus, the current study cannot be directly compared
to that of a GWAS. However, when utilizing the samemetric of effect (%
of variance in intelligence accounted for by a genetic variant) the effect
of CAG repeat on intelligence is far greater than the effect of any other
SNP reported in the GWAS study. Repeat length between 15 and 41
CAG explained 1.5% of the variance in general intellect in the lower
range of repeats (15–41). Although this effect remains small, it is 15
times as large as the effect recently reported in the GWAS meta-analy-
sis. Moreover, the effect ofHTT in the higher repeat range of ≥42 showed
an even more robust relationship, accounting for 12.9% of the variance
in general intellect.

Although there have been great strides in the field of genetics, the
lack of studies that evaluate the effects of tandem repeat polymor-
phisms reveals an important area for further research. Some have
suggested that the “missing heritability” identified after GWAS studies
have failed to detect key sources of genetic variation can be found in
the study of simple sequence repeats (Hannan, 2010a). Tandem repeat
polymorphisms have been shown to be important in brain development
in other species and these dynamicmutations could act as geneticmod-
ulators, in particular in the context of human brain evolution
(Nithianantharajah and Hannan, 2007). In regard specifically to HTT,
variation in repeats have been recently been shown to be associated
with the lifetime risk for depression, also in a non-linear fashion
(Gardiner et al., 2017). In addition, our group has previously reported
that CAG repeat below disease threshold is associated with assortative
mating (Nopoulos et al., 2011). Assortative mating on intelligence is a
well-known phenomenon (Vinkhuyzen et al., 2012), and the findings
here provide an additional level of support to the notion that CAG re-
peats may be related to intelligence, which in turn is related to assorta-
tive mating. The current study prompts future studies to examine
polymorphic repeats and the associated genetic consequences on nor-
mal and pathologic brain development.

The children in this sample that are gene expanded are estimated at
theminimum to be greater than 12 years fromonset of the disease,with
some children likely up to 30 years prior to onset (for example those
younger than 10 with CAG repeats 40–44). Although the children with
relatively low disease-causing range repeats (40–44) had beneficial ef-
fects of CAG repeat on their GAI score, those with repeats 45 and above
had substantially lower GAI scores. In PreHD adults the substantial def-
icits in cognitive function detected in subjects designated to be in me-
dium or higher CAP groups, are thought to be due to early phases of
the degenerative process, while subjects with CAP scores b0.68 were
found to be indistinguishable from controls and therefore had not yet
entered the degenerative or active part of the disease (Harrington et
al., 2012) This was the rationale for the current study in which any sub-
ject with a CAP score N0.68 was eliminated, minimizing the likelihood
that any of the subjects were in the early stages of disease or symptom
manifestation. Therefore the cognitive function measured for children
with CAG repeats over the disease threshold is not likely due to active
degenerative disease process, but rather reflective of an effect of mHTT
on brain development. In an effort to support this further, the analysis
was re-run, deleting any subject with a CAP score N0.49, dropping 17
observations, and minimizing further any possibility of children who
were in an active degenerative phase of the disease contributing to
the findings. The results of the analysis remained significant.

There is increasing support for the notion that abnormal brain devel-
opment may play a vital role in the pathoetiology of HD (Nopoulos,
2016). The theory posits that the effect of mHTT is to impact develop-
ment of a specific set of cells or circuit, which in the case of mHTT is
likely the medium spiny neurons of the striatum. These cells, however,
are initially compensated for in childhood rendering the circuit in amu-
tant steady state where no significant functional alterations are detect-
able despite the abnormal development. This developmentally aberrant
circuit is therefore vulnerable such that environmental stressors as nor-
mal maturation and aging processes that may not typically lead to cell
death would weaken the circuit causing dysfunction and eventually
cell death and degeneration, later in life (Arteaga-Bracho et al., 2016;
Mehler and Gokhan, 2000). Regardless of whether or not the effects of
CAG repeat are advantageous or deleterious, it appears thatmHTT is af-
fecting the development of the brain in children destined to develop the
disease, supporting the notion that this development sets the stage for
later degenerative disease. In the case of children with repeats 40–44,
early structure and function is quite good and there may be no need
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for compensatorymechanisms in childhood and onset of the disease oc-
curs on average, at the age of 40 years. For those in the higher repeat
range, development may be hampered, creating a more vulnerable cir-
cuit that, even with compensation, deteriorates with emergence of
symptoms much earlier in life than those with shorter repeats.

The effects of HTT were strongest for general intelligence scores.
After accounting for general intelligence, only specific advantages asso-
ciated with CAG repeat length in visual-perceptual skills were detected.
Similar to the effect on GAI, there were advantageous changes with in-
creasing repeats up until the range of 40–41. Yet unlike GAI, there was
no significant deleterious effect with increasing repeats above disease
threshold. Early changes in tests of sensory and perceptual processing
such as negative emotion recognition, smell perception, and perfor-
mance on a timing task have been shown to be predictive of disease
onset in preHD subjects (Harrington et al., 2012). However in the cur-
rent study, the visual-perceptual tasks were measuring different sen-
sory and perceptual processes, namely visual-motor integration (the
Bender test) and pure visual-spatial perception (Judgement of Line). In-
terestingly, a recent report suggests that the Judgement-of-Line task,
unlike other measures, was not found to be abnormal in patients until
later in the disease process, after disease manifestation, suggesting it is
a skill relatively spared (Corey-Bloom et al., 2016). The current findings
in which there was no CAG repeat dosage effect on the Judgement-of-
Line task performance above disease threshold is consistent with the
previous findings of preserved visual-spatial perceptual skills in preHD.

In sum, the findings from the current study support the notion that
HTTmay confer an advantage or a disadvantage depending upon the re-
peat length, playing a key role in determining intelligence, or causing a
uniquely human brain disease.
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