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Abstract

The expanded HTT CAG repeat causing Huntington’s disease (HD) exhibits somatic expansion proposed to drive the rate of
disease onset by eliciting a pathological process that ultimately claims vulnerable cells. To gain insight into somatic
expansion in humans, we performed comprehensive quantitative analyses of CAG expansion in ~50 central nervous system
(CNS) and peripheral postmortem tissues from seven adult-onset and one juvenile-onset HD individual. We also assessed
ATXN1 CAG repeat expansion in brain regions of an individual with a neurologically and pathologically distinct repeat
expansion disorder, spinocerebellar ataxia type 1 (SCA1). Our findings reveal similar profiles of tissue instability in all HD
individuals, which, notably, were also apparent in the SCA1 individual. CAG expansion was observed in all tissues, but to

TEqual contribution.
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different degrees, with multiple cortical regions and neostriatum tending to have the greatest instability in the CNS, and
liver in the periphery. These patterns indicate different propensities for CAG expansion contributed by disease
locus-independent trans-factors and demonstrate that expansion per se is not sufficient to cause cell type or disease-specific
pathology. Rather, pathology may reflect distinct toxic processes triggered by different repeat lengths across cell types and
diseases. We also find that the HTT CAG length-dependent expansion propensity of an individual is reflected in all tissues
and in cerebrospinal fluid. Our data indicate that peripheral cells may be a useful source to measure CAG expansion in
biomarker assays for therapeutic efforts, prompting efforts to dissect underlying mechanisms of expansion that may differ

between the brain and periphery.

Introduction

Huntington’s disease (HD) is a dominantly inherited, neurode-
generative disorder characterized by chorea, cognitive and psy-
chiatric symptoms with onset typically in mid-life (1). A rarer
percentage (1-15%) of cases presents as juvenile-onset disease
with onset <21 years of age (2-5). The cause of the disease
is the expansion over 35 repeats of a polymorphic CAG repeat
tract within exon 1 of the HTT gene (6). The expanded HTT
CAG repeat tract is highly unstable when transmitted to the
next generation, accounting for the wide variation in expanded
CAG repeat lengths among patients (7-12). Studies both in HD
patient tissues and in HD mouse models have shown that the
expanded HTT CAG repeat has a high propensity for further
expansion in somatic cells, which occurs in a CAG length-, time-
and tissue/cell-type-dependent manner (8,13-27).

Recent genome-wide association studies (GWAS) (28) have
demonstrated that the length of the CAG repeat tract, rather than
the length of the polyglutamine repeat, drives of the rate of onset
of HD pathogenesis. This observation provided the framework
for a two-step model of HD pathogenesis in which (1) the rate
of phenotypic onset is determined by the rate of somatic CAG
expansion, and (2) somatically expanded repeats trigger a toxic
process(es) in vulnerable cells, resulting ultimately in clinical
disease. One hypothesis, consistent with the genetic dominance
in HD (29), and initially proposed based on computational mod-
eling, is that disease onset occurs once the repeat has expanded
beyond cell type-specific pathological thresholds in a critical
proportion of cells (30), although potential threshold lengths and
toxicity processes in different cell types are unknown. The role
of somatic CAG expansion in driving the rate of pathogenesis
is consistent with expansion being a CAG- and time-dependent
process. This is strongly supported both by the association of
longer somatic expansions in HD postmortem brain with earlier
disease onset (21) and by the finding from GWAS that DNA
mismatch repair (MMR) genes, known to control CAG expansion
in mouse models (31-33), modify the rate of HD onset (28,34,35),
with one (MSH3) also modifying the rate of progression (36,37).

Insight into the variation in HTT CAG expansion among
tissues and ultimately between cell-types will allow a deeper
understanding of the relationship of somatic expansion to
HD pathogenesis, and a comparison with another CAG repeat
expansion disease with distinct neuropathological and clinical
features would help to elucidate components that may explain
differences in cell-type and disease-specific vulnerabilities.
HD mouse models have provided significant insight into the
tissue specificity of HTT CAG expansion. Notably, the striatum
and liver are highly prone to expansion, cerebellum exhibits
relative stability, while overall, the brain tends to exhibit higher
levels of CAG expansion than peripheral tissue (14-16,22-25).
In patients, high levels of instability occur in the brain (17,21),
and to the extent that somatic instability has been studied

across tissues in HD patients, a consistent observation has been
that the and that cerebellum is stable relative to other brain
regions (8,13,17). Similar observations have been made in other
CAG repeat expansion disorders (38-42). However, knowledge of
tissue-specific patterns of HTT CAG instability in HD patients
as well as other CAG repeat disorders is limited, as previous
studies have focused on the analysis of a relatively small set of
brain tissues and/or were performed using methodologies that
lack the resolution to distinguish subtle differences in repeat
length distributions. Here, to gain further insight into tissue-
specific CAG expansion in HD pathogenesis, we have performed
quantitative analyses of somatic expansion across a wide range
of postmortem central nervous system (CNS) and peripheral
tissues from seven individuals presenting with adult-onset HD
and one juvenile-onset HD patient. We have also analyzed
ATXN1 CAG repeat somatic expansion in postmortem brain
tissues from an individual with a different inherited expansion
disease spinocerebellar ataxia type 1 (SCA1), a disorder that
features gait and limb ataxia, dysarthria and dysmetria and
severe atrophy of the cerebellum and brainstem (43,44).

Results

Quantitative analyses of somatic HTT CAG instability
in adult-onset HD patient postmortem tissues

To gain insight into levels of HTT CAG instability across a wide
range of human tissues, we first analyzed instability in post-
mortem tissues from three individuals (HD1, HD2, HD3) with
adult-onset HD who had undergone full-body autopsies (Table 1).
Tissues were obtained from the New York Brain Bank (NYBB)
(45) and were analyzed at the Massachusetts General Hospital
(MGH, Boston, MA). The majority of the 26 CNS regions, post-
mortem cerebrospinal fluid (CSF) and nine peripheral tissues
were available for all three individuals, as well as testis or ovary
(Supplementary Material, Table S1). For most of the samples, we
extracted DNA and analyzed CAG instability from three sepa-
rate tissue sub-pieces cut from the same block. We analyzed
CAG instability by performing a quantitative assessment of CAG
repeat length distributions from GeneMapper traces of HTT CAG
repeat PCR products generated from ‘bulk’ genomic DNA, reflect-
ing somatic length variation of the majority of alleles. This rel-
atively high-throughput method allows quantification of subtle
differences in repeat instability and correlates well with repeat
length distributions obtained from analyses of single molecules
(22). In each tissue, the degree of CAG expansion measured will
reflect the net rate of CAG expansion in the cell types from which
itis composed and which are captured in the bulk PCR assay, the
length of time taken for the repeats to expand (i.e. age at death)
and the degree of cell turnover and/or loss in each tissue.
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Table 1. HD individuals for analyses of CAG expansion in CNS and peripheral tissues

Study Individual =~ Gender CAGrepeat  CCGrepeat  Pathological grade Age at onset Age of death PMI? (h)
Boston HD1 M 43/16 7/10 3 45 57 18:38
Boston HD2 F 44/17 717 4 42 66 5:30
Boston HD3 M 53/19 717 3 27 39 3:50
Boston HD4 M 140/20° 717 3 4 6 N/A
Bochum HD5 F 44/17 717 2-3 43 55 110:00
Bochum HD6 F 46/17 717 3 40 50 21:00
Bochum HD7 F 50/18 717 3 25 40 20:00
Bochum HD8 F 53/19 7/10 3 36 45 8:00

aPostmortem interval (PMI) is given as hours:minutes. For Boston samples (New York Brain Bank) PMI is time to freezer; for Bochum samples PMI is time to autopsy.
bRepeat length in blood DNA, determined in this study. Repeat length is highly variable between tissues (see Fig. 7). The juvenile-onset patient is described in (62).

Pathological grade is according to Vonsattel et al. (1).

Examples of GeneMapper traces highlighting a range of insta-
bilities are shown in Supplementary Material, Figure S1. The
peaks to the left of the modal allele are predominantly the
result of PCR slippage and do not differ substantially between
tissues, while the expansion peaks to the right of the modal
alleles differ between tissues and constitute somatic variation in
CAG repeat length. We therefore quantified the expansion peaks
(expansion index) for all the samples to obtain a tissue-wide
profile of somatic expansion for each of the three individuals
(Fig. 1A-C). On each graph, tissues are plotted in order of expan-
sion index (mean value over the three sub-pieces of each tissue
as appropriate) for the CNS and periphery separately. These
profiles highlight a number of observations: (1) a wide variation
in instability is notable within many of the brain regions. This is
not the result of technical variation between PCR reactions (Sup-
plementary Material, Fig. S2) and therefore reflects intra-tissue
heterogeneity in sampling from a relatively large tissue block.
(2) Overall, brain tissues show more instability than peripheral
tissues. The exception to this is the liver, which shows relatively
high instability; this is particularly striking for HD3 with 53 CAG
repeats. A high expansion index is also seen in testis of individ-
ual HD3, capturing a long tail of highly expanded alleles (Supple-
mentary Material, Fig. S1), which likely reflects the expansion-
biased and CAG length-dependent instability that occurs in the
male germline (12). (3) Broadly similar patterns of tissue-specific
instability are observed in each patient, with multiple cortical
regions and caudate/accumbens/putamen (neostriatum), tend-
ing to have relatively high instability, while midbrain (mes-
encephalon), hindbrain (metencephalon and myelencephalon),
spinal cord and cerebellum tend to have lower instability. CAG
instability can also be measured in genomic DNA extracted
from postmortem CSF, with CSF exhibiting levels of expansion
similar to those of the more stable tissues. To visualize better the
tissues that exhibit the highest levels of somatic expansion and
the extent to which these might be shared amongst the three
individuals we ranked mean expansion indices for each individ-
ual (Fig. 1D). Within the top 10 most unstable tissues for each
individual, five—prefrontal cortex (BA9), primary somatosensory
cortex (BA3.1.2), temporal pole, primary visual cortex (BA17) and
caudate/accumbens/putamen—were shared amongst all three
individuals. Anterior cingulate/midcingulate cortex (BA24), pri-
mary motor cortex (BA4), globus pallidus/putamen, amygdala,
head of hippocampal formation and hippocampal formation
were shared between two of the three individuals, while caudal
metencephalon, liver and testis were unique to HD3. Notably, the
most unstable brain regions include those that are particularly
vulnerable to the HD mutation, e.g. caudate/accumbens/puta-
men, BA4, BA9, BA3.1.2 and BA17 cortical regions, as well as

the anterior BA24 and amygdala (1,46-48). We also find high
levels of expansion in the temporal pole, and there is evidence
for neuropathology of the temporal cortex as well as structural
alteration in the temporal pole and temporal lobe (48-51).

The majority of the brain regions from which we dissected
the three tissue sub-pieces were heterogeneous. However, for
the four spinal cord regions (cervical, thoracic, lumbar, sacral),
we were able to readily distinguish white and gray matter sepa-
rately and found significantly higher expansion indices in gray
matter than white matter (2-way repeated measures ANOVA: F(2,
9)=1.109, P=0.0004; Fig. 2). Spinal cord white matter consists
mostly of glial cells and myelinated axons, while the gray matter
mainly contains neuronal somata, dendrites, synapses, glial cells
and only a small number of nerve fibers. These data indicate that
CAG expansion is greater in areas with abundant neurons and
neuropil than in areas rich in myelinated fibers, consistent with
previous observations of greater HTT CAG instability in neurons
than in glia (19,20), and indicating that variation observed within
other brain regions is likely due, in part, to varying proportions
of gray and white matter.

CAG expansion measures are robust across studies
and capture CAG repeat-dependent biological variation

To provide an independent study, we also analyzed CAG repeat
instability in postmortem tissues from an additional four adult-
onset HD patients (HD5-8) (Table 1). Samples were collected
and analyzed at the Ruhr University (Bochum, Germany). This
sample set contained CNS and peripheral tissues that over-
lapped with a subset of those analyzed in Boston, with brain
regions concentrated in the forebrain, as well as additional tis-
sues not represented in the Boston study, e.g. retina, adrenal
gland, jejunum, white adipose tissue and blood (Supplementary
Material, Table S1). Either single or multiple pieces of tissues
were sampled from the same region (Supplementary Material,
Table S1). Expansion indices from these samples, determined as
above, are shown in Figure 3, revealing broadly similar patterns
of tissue instability to those in the Boston samples (Supple-
mentary Material, Fig. S3). We note that for those regions in
which more than one tissue sample was analyzed there was less
intra-tissue variation in the Expansion index than in the Boston
samples. This is likely due to sub-sampling from a smaller and
more homogenous tissue block in the Bochum samples. In the
brain, the primary visual cortex (BA17) shows high expansion
indices in all samples investigated (Figs 1 and 3), whereas the
retina presents with more moderate expansion levels (Fig. 3).
This difference parallels neuroanatomical observations in HD
of only mild changes in retinal thickness by optical coherence
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Figure 1. Quantitative analyses of somatic CAG expansion in adult-onset HD. (A-D) Expansion indices were quantified from GeneMapper peak height data of HTT CAG
PCR products from individuals HD1, HD2 and HD3, analyzed in Boston, USA. Bars show mean expansion indices for each tissue, and error bars show standard deviation
between tissue sub-pieces. For each individual, data are plotted in order of mean tissue expansion index, separately for the CNS and periphery. (D) Mean expansion
indices were ranked for each individual and ranks displayed as heat map. Tissues are displayed in order of mean rank. Dark red = most expanded; white = median; dark
blue =least expanded; gray = tissue not available. OB, olfactory bulb; BA9, prefrontal cortex; BA24, anterior cingulate/midcingulate cortex; BA4, primary motor cortex;
BA3.1.2, primary somatosensory cortex; Tmp, temporal pole; BA17, primary visual cortex; Cd/Acb/Pu, caudate/accumbens/putamen; GP/Pu, globus pallidus/putamen;
ThCeM, centromedial thalamic nucleus; ThMD, dorsomedial thalamic nucleus; STh, subthalamic nucleus; Amyg, amygdala; Hip head, hippocampal formation (head);
Hip, hippocampal formation; Mes, mesencephalon; Met rostr, metencephalon rostral; Met caud, metencephalon caudal; Myen/Med, myelencephalon/medulla; Cereb,
cerebellum; SC cerv, spinal cord cervical; SC thor, spinal cord thoracic; SC lumb, spinal cord lumbar; SC sacr, spinal cord sacral; DRG, dorsal root ganglion; CSF,
cerebrospinal fluid; Sk muscle, psoas skeletal muscle. Numbers of samples for each tissue are shown in Supplementary Material, Table S1.

tomography (52-54) and the lack of histopathological changes
or aggregates in postmortem retina (55). In contrast, there is
considerable neuronal cell loss in BA17 and atrophy of asso-
ciative visual cortices (56,57) suggesting that visual impairment
in HD is more likely due to central visual perception. In the
periphery, as for the Boston cohort (Fig. 1), liver exhibited the
highest level of CAG expansion, while blood exhibited mod-
erate expansion in relation to other peripheral tissues (Fig. 3).
Mitochondrial dysfunction in hepatocytes of premanifest and
manifest HD individuals has been documented using the C-
methionine breath test (58,59). However, classical histopatholog-
ical studies (60) showed no specific morphological alterations
in HD postmortem liver tissue, and additional investigations

of human HD liver are warranted to understand the hepatic
involvement in HD. Among the peripheral organs, the kidney
also shows high expansion indices in both cohorts (Figs 1 and
3). When kidney cortex and medulla were analyzed separately
(Fig. 3C), the expansion index was much higher in the kidney
medulla, indicating specific cell type(s) with different expansion
propensities within these structures.

The seven adult-onset individuals across the two studies
spanned a range of repeat lengths from 43 to 53 CAGs. As CAG
repeat length is the major driver of repeat expansion, we plotted
expansion indices as a function of CAG repeat length for the sub-
set of tissues represented in all seven individuals (Supplemen-
tary Material, Table S1, Fig. 4) to determine whether the predicted
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Figure 2. Comparison of spinal cord gray and white matter. Expansion indices
were determined in spinal cord gray and white matter. Bars show the mean
values across cervical, thoracic, lumbar and sacral regions of gray and white
matter for each individual. Error bars represent standard deviation. Two-way
ANOVA accounting for repeated measures across the four spinal cord regions
from each individual: difference between gray and white matter P < 0.001 (***);
difference between individuals P < 0.0001; difference between spinal cord subre-
gion P=0.42.

CAG length association could be detected. Remarkably, despite
the two studies having been conducted independently and using
different PCR assays for CAG repeat amplification (Materials and
Methods), we were able to capture a strong positive association
of expansion index with CAG length in many of the tissues
across the seven individuals (Fig. 4). This was most apparent
in many of the peripheral tissues, notably stomach, liver and
pancreas, as well as in the cerebellum. BA4 and BA17 cortical
regions showed the least robust CAG length-association across
the sample continuum. It appears, therefore, that for tissues
where there might be less cellular heterogeneity and/or less
confounding by neuronal cell loss, that these measurements of
CAG expansion across different laboratories and experimental
conditions are sufficiently robust to capture biological variation
with repeat length in a small number of samples.

Individual-specific CAG expansion is reflected across
multiple brain and peripheral tissues

We also explored whether CAG instability in the periphery might
reflect CAG instability in the brain. Figure 5 highlights how the
expansion indices vary between the individuals HD1, HD2 and
HD3 for a subset of high and low instability brain and peripheral
tissues as well as CSF, including those that are most severely
affected in the disease. Whereas the degree of expansion differs
widely between tissues (note different y-axes on the graphs),
the pattern of instability between the individuals is strikingly
similar; in general, HD1 has the lowest instability, HD2 has
an intermediate level of instability and HD3 has the highest
instability. This is the typical pattern observed, however, there
are exceptions, e.g. caudate/accumbens/putamen, and to a lesser
extent, BA4, where the expansion index of HD2 is relatively low,
and hippocampus where HD2’s expansion index is relatively
high. Thus, it would appear that individual-specific expansion
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is largely captured across multiple tissues, regardless of the
particular susceptibility towards expansion in that tissue. As
instability is both a CAG length- and time-dependent process, it
is likely that the long CAG repeat (53 CAGs) is a major contributor
to the relatively high instability in HD3, while the slightly longer
CAG repeat (44 versus 43 CAGs) and later age of death (66 ver-
sus 57 years) may contribute to the generally higher instability
in HD2 relative to HD1. We speculate that the relatively low
expansion index in caudate/accumbens/putamen and BA4 of
HD2 may be due to advanced neuronal cell loss, as reflected
by Vonsattel Grade 4 (Table 1). Similar comparisons in brain
regions of individuals HD5-HD8 support both CAG length and
cell loss in vulnerable tissues as contributors to postmortem
somatic expansion levels (Supplementary Material, Fig. S4). Of
note, in individuals HD5-HD7 the neostriatal sub-areas accum-
bens, caudate and putamen were analyzed separately (Fig. 3 and
Supplementary Material, Fig. S4). The lower expansion index of
the atrophic caudate in comparison with the morphologically
less affected accumbens (1,61) and the relatively high expansion
index in the accumbens of HD5 with Vonsattel grades 2-3 (Fig. 3
and Supplementary Material, Fig. S4), may be consistent with
brain areas with severe neuronal loss and compensatory gliosis
having lower levels of detectable expansions postmortem than
better preserved areas.

We further assessed the relationship in CAG expansion
between peripheral tissues that could potentially be obtained via
biopsy in a living patient (skeletal muscle and liver) and brain
regions (BA24, BA17, BA4 and cerebellum) that were available
from individuals HD1-3 and HD5-8 (Supplementary Material,
Table S1), finding significant correlations between brain region
expansion and liver or skeletal muscle expansion (Fig. 6A). We
also examined the relationship between blood and brain expan-
sion in individuals HD5-8; while the sample number is very
limited, it appears that the extent of an individual’s expansion
in blood reflects the level of expansion in multiple brain regions
(Fig. 6B). Relationships between expansion indices in all tissues
relative to those in accessible peripheral tissues or in biofluids
(blood, CSF) are shown in Supplementary Material, Figure S5.
Finally, we compared expansion indices between cerebellum
and BA9, exhibiting low and high instability respectively, from
eight additional HD individuals with repeat lengths from 40 to
48 CAGs and found a highly significant correlation (R?=0.93,
P <0.0001) between the two measures (Fig. 6C). Together, these
data support the idea that an individual’s propensity for somatic
CAG expansion is reflected across multiple brain and peripheral
tissues, including those that are accessible in patients, but
indicate that other tissue specific factors, including neuronal cell
loss may also contribute to differences in instability read-outs.

Extensive somatic instability in juvenile-onset HD

Juvenile-onset HD, caused by median CAG lengths of ~60-64
repeats, often has a different clinical presentation to adult-onset
HD. This includes rigidity without chorea, seizures and cognitive
decline as well as gait disturbance and ataxia that are indicative
of cerebellar dysfunction (2—4). To gain insight into somatic CAG
instability in juvenile HD, we profiled CAG instability in post-
mortem brain regions and peripheral tissues of a juvenile-onset
patient (HD4) who presented with disease around 4 years of age
and died at age 6 (62) (Table 1 and Supplementary Material, Table
S1). Neuropathological examination of individual HD4 showed
neuronal cell loss in the caudate, putamen and globus pallidus
corresponding to Vonsattel grade 3 as well as prominent loss of
Purkinje cells of the cerebellum with preservation of cerebellar
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Figure 3. Quantitative somatic CAG expansion analyses of a replicate set of adult-onset HD tissues. (A-D) Expansion indices were quantified from GeneMapper peak
height data of HTT CAG PCR products from individuals HDS, HD6, HD7 and HD8, analyzed in Bochum, Germany. Bars show mean expansion indices for each tissue, and
error bars show standard deviation between tissue sub-pieces, other than HD5 blood where there are two technical PCR replicates of the same DNA sample. For each
individual, data are plotted in order of mean tissue expansion index, separately for the brain and periphery. BA11, straight gyrus; BA24, anterior cingulate/midcingulate
cortex; BA23, postcingulate cortex; BA4, primary motor cortex; BA3.1.2, primary somatosensory cortex; BA17, primary visual cortex; Cd, caudate; Acb, accumbens; Pu,
putamen; Cereb, cerebellum; Kidney Med, kidney medulla; Kidney Ctx, kidney cortex; Sk muscle, sartorius or temporal skeletal muscle; Adren, adrenal gland; Wh
adipose, white adipose tissue. Numbers of samples for each tissue are shown in Supplementary Material, Table S1.

granule cells (62). Genetic testing originally revealed 169 HTT
CAG repeats (62). However, subsequent repeat sizing in blood
DNA as part of the current study shows ~140 CAGs. GeneMapper
profiles of brain and peripheral tissues from this individual are
shown in Figure 7A, revealing extensive CAG repeat mosaicism.
For each sample, the modal allele and the longest allele detected
are plotted in Figure 7B. As the modal allele varies to such an
extent between tissues, we cannot determine with certainty the
size of the inherited CAG repeat length. We therefore did not
quantify expansion indices in these samples, as anchoring this
measurement on the modal allele length within each repeat
length distribution will effectively ignore any contribution of
somatic expansion that might have shifted the entire distribu-
tion of alleles. For the majority of the brain tissues, the bulk
of the repeat length distribution (modal CAG allele) was ~140
CAGs. The striking exception is cerebellum, with a modal CAG
repeat of ~110 CAGs. Modal allele length in the peripheral tissues
was closer to ~130 CAGs, with distinct patterns of heterogeneity
between the tissues, and in many cases a prominent bimodal
distribution of alleles indicative of a subset of highly expandable

cells, as in the liver where hepatocytes are the most unstable
(23). Interestingly, the modal CAG length in blood (~140) was
closer to those in the brain tissues than in the peripheral tissues.
CAG lengths >200 were detected using this assay in BA9, BA24,
BA3.1.2, temporal pole, BA17 and liver, consistent with findings
that these are among the most unstable tissues in the adult-
onset cases (Figs 1 and 3).

Lower modal CAG lengths in cerebellum compared with other
brain regions in juvenile-onset HD have previously been reported
(8,63,64). However, this is to our knowledge the first indica-
tion that the cerebellum in juvenile-onset HD exhibits an even
lower repeat length than peripheral tissues though this has been
observed in other diseases (65,66). Note that we also observe a
modal allele shift of one or two CAGs in some non-cerebellar
brain regions of HD3 and HDS with 53 CAGs and in the SCA1
individual (see Materials and Methods), and in ongoing analyses
(unpublished), a repeat length-dependent divergence in cortical
and cerebellar modal CAG lengths. It is therefore possible that
the inherited repeat length in individual HD4 is closer to ~100
CAGs with the CAG length in postmortem cerebellum reflecting


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa139#supplementary-data

Human Molecular Genetics, 2020, Vol. 29, No. 15 | 2557

® Boston samples
® Bochum samples

BA24 BA4 BA17
8- 5 10+
L]
o 64 x 47 ® x 8 °
el [0} ()
= 2 2
5 4 e ¥ s
2} o 2 2 o ®
5 o 2 o g 4 {
aQ @ ® &
g . g &
w ] i
E 14 24 E
C40 45 50 55 0 . Y y 0 Y Y y
40 45 50 55 40 45 50 55
CAG CAG CAG
Cerebellum Heart Lung
34 1.5+ 2.0
L]
3 3 3 1.5
2 2 2 1.09 2 [
s 5 E 5 1.0
2 . 2 . 3"
g 1 " g 05 N g .
ai } w 1 w 0.59 s
L4 °
0 T T 1 0.0 T T 1 0.0 T T 1
40 45 50 55 40 45 50 55 40 45 50 55
CAG CAG CAG
Stomach . Pancreas
Liver
2.5 15- 2.0+
2.0
) % 3 1.5 }
2 S 2
= 1.5+ = 10 £
c [
S 5 S 1.0 L
(72} L3 |72}
S 1.0 L 2 IS
& . g 5 § g i
0.5 i w057 o®
EE e ©
0.0 T T 1 0 — T 1 0.0 T T 1
40 45 50 55 40 45 50 55 40 45 50 55
CAG CAG CAG
Kidney Spleen Skeletal muscle
5 2.0 2.0
w 4 x l ° E x ]
3 3 15 g 1.5 E
& c [ ~4
£ 4 E £ £
c c [
S S 1.0 S 1.0
2 5 2 2
g 2 ] 5 1 g E
Q % Q L]
a ] 5 0.5 . 5 0.5- o ¢
e ® L)
° L]
0 T T 1 0.0 T T 1 0.0 T T 1
40 45 50 55 40 45 50 55 40 45 50 55
CAG CAG CAG

Figure 4. CAG length correlation across multiple tissues. Expansion indices were plotted as a function of CAG length for tissues shared between the Boston and Bochum
studies in all seven adult-onset HD individuals (HD1-3, HD5-8). Points show the mean expansion index values and error bars show standard deviation.

a low rate of somatic expansion relative to other tissues (Sup-
plementary Material, Fig. S6). This is supported by the greater
somatic expansion in several peripheral tissues, relative to cere-
bellum, in the adult-onset samples (Figs 1 and 3). Thus, there is
nothing that qualitatively distinguishes the behavior of adult-
and juvenile-onset repeat lengths, but rather that the rates of
expansion of the longer juvenile-onset CAG repeats are suffi-
ciently high to shift the entire repeat distribution. Alternatively,

the low CAG length in postmortem cerebellum may be due
to contraction from an inherited repeat length closer to ~130
CAGs during cerebellar development or aging (Supplementary
Material, Fig. S6). Of note, a similar short modal CAG length in
cerebellum, is not apparent in HD mouse models including the
Htt@! knock-in line harboring very similar repeat lengths to
individual HD4 juvenile-onset patient, although the expansion
propensities across tissues in mouse and human are similar
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Skeletal muscle was not available from HD2.

(22,25). This may reflect insufficient time in the mouse for the
bulk of the repeat lengths to diverge substantially, different
repeat dynamics in mouse and human cerebellum or differences
in cerebellar development.

Notably, testis of individual HD4 exhibited relative stability.
Given our observation that testis exhibits levels of CAG expan-
sion equivalent to those in liver for individual HD3 with 53 CAGs
(Fig. 1), we might assume that at least a comparable level of
expansion, presumably attributable to the germline, would also
be detectable in testis of individuals with longer alleles. Thus,
the apparent absence of extensive germline CAG expansion in
this 6-year old individual suggests that substantial levels of male
germline instability only occur post-puberty. A previous study
indicated that instability in the male germline can occur both
during and after meiosis as well as pre-meiotically (67). The lack
of a strong influence of male age suggests that accrual of repeat
length changes over successive spermatogonial cell divisions is
not the major contributor to male germline expansions (12). Our
data would appear to support meiotic or post-meiotic mecha-
nisms underlying the bulk of male germline expansions, though
we cannot exclude the possibility that 6 years is insufficient
time for substantial expansions to accumulate in premeiotic
spermatogonia.

Correlation of tissue-specific somatic expansion
of ATXN1 and HTT CAG repeats

To gain insight into potential similarities or differences in
the tissue specificity of somatic instability of a different
disease-associated CAG repeat, we also measured somatic
expansion of the CAG repeat tract in the ATXN1 gene that
causes spinocerebellar ataxia type 1 (SCA1). We obtained a
subset of the postmortem brain tissues that were analyzed in
our HD samples—namely ‘cortex’ (of unspecified sub-region),
BA9, BA24, BA17, caudate/accumbens/putamen, globus pallidus,

thalamus, amygdala, hippocampal formation and cerebellum—
from a SCA1l patient with a CAG repeat length of ~46 (see
Materials and Methods) and quantified expansion indices from
GeneMapper profiles of ATXN1 CAG repeats were quantified
from GeneMapper traces as above (Fig. 8A and B). To compare
better between the SCA1 and HD samples, we plotted ATXN1
CAG expansion indices against HTT CAG expansion indices,
averaging values for the HD samples across the three tissue
replicates for adult-onset individuals HD1, HD2 and HD3 (Fig. 8C).
The two measures were highly correlated (R? =0.95; P <0.0001),
thereby providing strong support for disease locus independent
trans-acting drivers of tissue-specific CAG repeat expansion.

Discussion

Genetic data in HD patients support a two-step model for patho-
genesis in which somatic CAG expansion drives the rate of
phenotypic onset, triggering toxicity driver(s) that are respon-
sible for the demise of vulnerable cell types (28). This model
predicts that cell type- and disease-specific pathology in HD
and in other CAG repeat expansion diseases will depend both
on the rate of CAG expansion in a particular cell type and its
vulnerability to the toxic entity/entities. Here, to gain insight into
somatic CAG expansion in different tissues and their relation-
ships to disease pathogenesis we have performed comprehen-
sive quantitative analyses of CAG instability across a wide range
of CNS regions and peripheral postmortem tissues of adult-
and juvenile-onset HD individuals and in brain regions from
an individual with SCA1. Our data support and expand upon
previous studies (8,13,19-21,38-41), and demonstrate that HTT
CAG repeat expansion occurs in all tissues and biofluids ana-
lyzed, though to different extents. These analyses did not permit
detection of rare expansions that would require small pool PCR
using sufficient numbers of molecules to detect low frequency
events (19,21). Therefore, additional tissue-specific effects may
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Figure 6. Correlations between expansion indices in different tissues. (A) Correlation between expansion indices in liver (top panels) or skeletal muscle (lower panels)

and those in BA24, BA17, BA4 and cerebellum across individuals HD1-3 and HD5-8. N =

4-7 depending on the tissue comparison (see Supplementary Material, Table S1).

(B) Comparison of Expansion indices in brain regions and in blood from individuals HD5-8. For replicate measurements, mean =+ SD is plotted. Sample number is too low
(N =4 or N =3 depending on the brain region) for meaningful statistical analyses, however, results of linear regressions of brain region versus blood expansion indices,

meant to indicate trends are as follows: cerebellum R2 =0.72, P =0.0086; caudate R?

=0.80, P=0.11; BA24 R =0.22, P=0.35; BA11 R2=0.92, P=0.18, BA23 R2 =0.95,

P=0.026; BA17 R2 =0.77, P=0.32. Trend lines are shown on the graphs. (C) Correlation between expansion indices in cortex (BA9) and cerebellum from an additional

eight individuals (CAG 40-48).

be revealed by the detection of rare expansions. Next-generation
sequencing approaches can also be used to capture somatic CAG
length variation (68,69). Methods based upon sequencing of PCR
amplicons (68) capture similar profiles of somatic expansion to
fragment size-based analyses of PCR products, as performed in
this study. Emerging PCR-free technologies can capture repeat
length variation present in genomic DNA, without any confound
of PCR bias (69,70) and can also capture rare events, though this
will depend on the read depth attainable.

Significantly, we find similar tissue patterns of HTT CAG
instability across the HD individuals, which strikingly, strongly
correlate with ATXN1 CAG instability in the SCA1 individual.
These data provide strong support for the presence of disease
locus-independent trans factors that drive the rate(s) of CAG
expansion in different cell types (22). Previous studies have
uncovered potentially complex relationships between tissue
instability and gene expression in mice, with no straightforward

association with the expression of key DNA repair genes that
drive CAG expansion (22,71). At the level of individual cell types,
the trans factors driving CAG expansion are currently unknown.

The results of our study also reveal that tissue-specific pat-
terns of CAG instability do not necessarily predict region- or
disease-specific pathology, i.e. both HTT and ATXN1 instability
are high in the cortex and in caudate/accumbens/putamen,
regions that are the most vulnerable in HD, but less vulnerable in
SCA1 where the most affected brain regions are the cerebellum
and brainstem (44). Similarly, HTT CAG instability in liver is rel-
atively high, yet although there is evidence for hepatic dysfunc-
tion in HD, liver does not exhibit obvious pathology (58-60). In
support of a two-step model for disease pathogenesis, our data
indicate that the vulnerability of a particular cell type depends
on the nature of the toxic species and the repeat length(s) needed
to elicit cellular toxicity. This provides an explanation for the
high vulnerability of MSNs in HD compared with SCA1; thus,
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Figure 7. CAG expansion in a case of juvenile-onset HD. (A) GeneMapper profiles of expanded allele HTT PCR products from brain regions and peripheral tissues.
The size of the modal allele for each trace is indicated. (B) Modal CAG repeat and maximum CAG repeat detectable (1% relative peak height threshold) are plotted
for all tissue sub-piece replicates. Short horizontal lines show mean of tissue replicates. BA9, prefrontal cortex; BA24, anterior cingulate/midcingulate cortex; BA4,
primary motor cortex; BA3.1.2, primary somatosensory cortex; Tmp, temporal pole; BA17, primary visual cortex; Cd/Acb/Pu, caudate/accumbens/putamen; GP/Pu, globus
pallidus/putamen; Th/Cd, thalamus/caudate; ThMD, dorsomedial thalamic nucleus; Amyg, amygdala; Hip head, hippocampal formation (head); Hip, hippocampal
formation; Mes, mesencephalon; Myen/Med, myelencephalon/medulla; Cereb, cerebellum.

the HTT and ATXN1 CAG repeats expand at a similarly high rate
in these neurons that are shown to have a high propensity for
CAG instability (19,24), but HD toxicity is triggered at a lower
repeat length(s) in MSNs than SCA1 toxicity. Similarly, this can

explain the vulnerability of MSNs compared with hepatocytes in
HD; although the CAG repeat expands at high rate in hepatocytes
(23), these cells are much less sensitive to the toxic species than
MSNs, with considerably longer repeat lengths likely needed to
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elicit hepatocyte degeneration. The nature of the toxic species in
different cell types is not clear and may be different depending
on the cell type. Potential drivers of cell dysfunction and death
in HD include amino terminal fragments or full-length mutant
Huntingtin, though roles for other entities including expanded
RNA and RAN translation products have been proposed (72-74).
In SCA1, the interaction of Ataxinl with capicua drives Purkinje
cell pathogenesis, however, different mechanisms of toxicity are
likely in the brainstem (75,76).

While there is significant evidence that somatic CAG expan-
sion in vulnerable neurons drives the rate of disease onset in HD,
this is less obvious in SCA1 as little is understood of the degree
of CAG expansion in cerebellar Purkinje cells, or in brainstem
neurons that are highly vulnerable in SCA1 (44). As these neu-
rons are relatively rare, they do not contribute significantly to
an instability readout that is measured in bulk tissue. Notably,
SNPs in two HD onset modifier genes (28) (FAN1, PMS2), with
roles in CAG/CTG instability (77,78) (MacDonald/Loupe/Wheel-
er/Pinto unpublished data), were associated with age at onset
in spinocerebellar ataxias, including SCA1 (79), indicating that
somatic expansion may also drive the rate of onset of these other
CAG repeat disorders. One prediction, therefore, is that cere-
bellar Purkinje neurons and vulnerable brainstem neurons are
susceptible to CAG expansion. This was previously indicated for
the ATN1 CAG repeat causing dentatorubral-pallidoluysian atro-
phy (DRPLA) in laser capture microdissection experiments that
showed higher CAG expansion in cerebellar Purkinje cells than in
cerebellar granule cells (40). Over the disease course, pathology
in SCA1 extends beyond the cerebellum and brainstem, includ-
ing involvement of the caudate, putamen and temporal lobe
in much the same way that HD pathology extends beyond the

caudate and putamen, also involving cerebellar Purkinje cells
and brainstem nuclei (44,46,62,80,81), with disease manifestation
extending to the periphery in HD (82,83). Therefore, somatic CAG
expansion may drive the rate of various aspects of disease patho-
genesis in many different cell types both in HD and in SCA1 over
the courses of these diseases. Future analyses of CAG instability
and disease phenotypes across a variety of different cell types
and disease conditions will help to dissect: (1) the intrinsic cell
type specific trans factors contributing to CAG expansion, as well
as possible cis-acting modifiers (66,84), (2) the impact of somatic
expansion on phenotypic expression and (3) potential cell type-
and disease-specific repeat thresholds needed to elicit toxicity.
One goal of this study was to undertake a preliminary assess-
ment of whether CAG instability in accessible peripheral tis-
sues (e.g. skeletal muscle or liver) or in biofluids (e.g. blood
or CSF) might provide a surrogate for CAG instability in brain
tissues. This is important to understand for therapeutic trial
biomarker read-outs of the efficacy of drugs targeting somatic
expansion. Our data indicate that an individual’s propensity
for somatic CAG expansion is reflected across multiple brain
regions, peripheral tissues and biofluids regardless of their abso-
lute level of instability, and that expansion in these peripheral
tissues correlates with that in the brain. This observation is
encouraging and suggests that despite exhibiting relatively low
CAG instability, peripheral tissues/biofluids may be useful for
readouts of an individual’s somatic expansion. Ideally, one would
wish to use a neuronally derived read-out of somatic expansion
to assess therapeutic efficacy of targeting instability in the brain.
In this study, we were able to measure CAG expansion in three
post-mortem CSF samples. The source of the DNA extracted
from the CSF is currently unclear. As described (Materials and
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Methods), measures were taken to ensure that CSF was not
contaminated with brain parenchyma or blood, however, the
CSF was not spun, and it is possible that it could contain rare
white blood cells if the harvest was not performed optimally. The
level of expansion was low relative to the various brain regions
examined, suggesting that the postmortem CSF is not enriched
in DNAs from cell types containing highly expanded repeats
that have succumbed to degeneration. Further studies of CAG
instability in patient CSF, including in exosomes, are warranted.

In the periphery, liver may be the preferred accessible tissue
over skeletal muscle as the greater level of instability in liver may
provide a more sensitive readout. However, the patient burden
of liver biopsy may make this an unrealistic option. Based on
the current data, blood, previously shown to exhibit somatic
CAG expansion (28,68), and with expansion levels between those
of liver and muscle, would appear to be a reasonable option.
However, the use of peripheral tissues/biofluids as a source for
biomarker assays makes the assumption that the mechanisms
underlying CAG instability are the same as in the brain. In the
current study, although we find that peripheral and brain expan-
sion are correlated, the principal contributor to CAG expan-
sion that is discernible between individuals and that drives
the correlations is constitutive CAG repeat length. Therefore,
it is unknown whether other modifying factors that also con-
tribute to individual-specific CAG expansion rates (28,68) act
similarly across tissues/cell-types and whether therapeutics tar-
geting such modifiers will produce similar effects in different
tissues. Indeed, recent evidence suggests that there may be dif-
ferent effects of genetic modifiers of HTT CAG instability in blood
and in the brain (68) and a brain-specific instability modifier has
been described in a SCA1 knock-in mouse model (85). Further
studies will therefore be needed to dissect the mechanisms of
CAG instability that may differ between cell types.

Overall, our quantitative cross-tissue analyses of CAG expan-
sion set the stage for future important avenues of investigation
that are critical for understanding the underlying biology of
CAG instability, its relationship to pathogenesis and for enabling
clinical studies targeting the process of somatic CAG expansion.

Materials and Methods
Patient samples

Human postmortem tissue and DNA samples analyzed at the
MGH were obtained and studied under an approved Institu-
tional Review Board (IRB) protocol (2006P000090) from the New
York Brain Bank (HD1-3), Ruhr-University Bochum (HD5-8), the
University of Washington (HD4), the University of Minnesota
(SCAl—consented at the University of Florida) and additional
brain samples were obtained from the Harvard Brain Tissue
Resource Center (Belmont, MA, USA) and the National Neuro-
logical Research Bank (Los Angeles, CA, USA) as part of his-
torical collections obtained through the Huntington’s Disease
Center Without Walls. Human HD tissue from individuals HD5
to HD8 was obtained by autopsy in the Institute of Anatomy,
Ruhr-University Bochum (Germany). All donors had given writ-
ten consent to examine the tissue for research purposes and
the study was approved by the ethic committee of the Ruhr-
University Bochum (Reg. No. 17-5939). All HD individuals had
clinically manifest HD diagnosed by an experienced neurologist
(CS). Cause of death for HD1 and HD2 is unknown, HD3 died from
pneumonia with sepsis, HD4 died from aspiration pneumonia
(62), HD5 committed suicide, HD6 and HD8 died from pneumonia
and HD7 from renal cell carcinoma. Demographic and genetic

data from patient samples HD1-8 are detailed in Table 1 and the
tissues analyzed are shown in Supplementary Material, Table S1.
Blood samples from HD5-8 were taken at the time of genetic
testing (HDS 38 years, HD6 41 years, HD7 21 years, HD8 38 years).

Tissue preparation

Tissues analyzed at MGH were obtained as frozen blocks, or
crushed frozen tissue, and Vonsattel grading (1) for HD1-3 was
provided by the New York Brain Bank. To harvest the CSF, the
whole, fresh brain was placed on a cutting board with the ventral
aspect facing the prosector and with the frontal poles away from
the prosector. A transverse cut was made through the distal
end of the infundibulum and a distally truncated safety needle
cap, used to prevent damage to the parenchyma and subsequent
contamination of the CSF, attached to a clean 5 mL syringe was
inserted into the infundibulum to draw the CSF into the syringe.
To increase the yield of CSF, the occipital lobes were gently
raised to drain the CSF toward the infundibulum. Processing of
postmortem tissue at Ruhr-University Bochum was carried out
as follows: after removing the brain stem with the cerebella, the
two hemispheres were sagittally separated. One hemisphere was
cut into coronal slices, small native (unfixed and not frozen)
samples were dissected from defined brain areas, squashed and
directly transferred to Tris buffer for subsequent DNA extrac-
tion. One cerebellum was dissected from the brain stem. Native
samples from the cerebellar vermis, retina, peripheral organs
and tissues were also directly transferred to Tris buffer. Most
tissues from HDS5-HD7 taken for DNA analyses were native.
Additional samples were transferred to tubes, shock-frozen in
8% methylcylcohexan in 2-methylbutan (v/v) (—80°C) and stored
at —80°C until used. The removed cerebellum was horizontally
sectioned at the level of the cerebellar nuclei. The two cerebellar
parts and the brain slices from which the samples were taken,
were finally passive-frozen and stored at —80°C. Some frozen
samples including all from HD8 were also taken for DNA anal-
yses. To exclude differences, we compared several native and
frozen tissue samples from the same area of the same patient
and detected no obvious differences in CAG instability. The other
brain hemisphere and the brain stem with the other cerebellum
were fixed in 4% paraformaldehyde shaking gently for 4 weeks
for later morphological reference. Fixed tissue was transferred to
0.5% paraformaldehyde and stored at 4°C until further used. The
fixed hemisphere was cut into 1 cm thick coronal slices to rule
out obvious neuropathologies and to assess Vonsattel grading.

Isolation of DNA

Genomic DNA was extracted using the Qiagen DNeasy Blood &
Tissue kit according to the manufacturer’s protocol for HD5-8
and with the following modifications for other samples: samples
were homogenized in 160 pL 1X Dulbecco’s phosphate buffered
saline, volumes of proteinase K, Buffer AL and 100% ethanol were
doubled and DNA was eluted in 125 pL of Qiagen Elution Buffer,
preheated to 60°C, applied to the spin columns, and incubated
at 56°C for 1 h before centrifugation. Isolation of DNA from
100 pL CSF was performed using the Qiagen Gentra Puregene
kit, according to manufacturer’s instructions, but doubling the
volume of all protocol reagents and including 1 pL of 20 mg/ml
glycogen as a carrier in the DNA precipitation step.

Repeat length genotyping

Genotyping of the normal and expanded CAG repeats from
samples from all HD individuals were determined at MGH
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using standardized assays for adult onset CAG repeats (86) or
long CAG repeat lengths associated with juvenile-onset HD
based on Milunsky et al. (87) and using primers HDXL-F (6-
FAM-5-CCT TCG AGT CCC TCA AGT CCT TC) and HDXL-R
(5-CGG CTG AGG CAG CAG CGG CTG T). Genotyping for the
CCG repeat was performed using primers CCG1 (F) (6-FAM-5'-
GCAGCAGCAGCAGCAACAGCCGCCACCGCC) and. CCG2 (R) (5-
CTTTCTTTGGTCGGTGCAGCGGCTCCTCAG) in a total reaction
volume of 10 pL containing 2.5 mm MgCl, (Applied Biosystems),
1x Buffer II (Applied Biosystems), 0.05 U Amplitaq Gold (Applied
Biosystems), 0.5 mm each dATP, dCTP, dTTP, 0.25 mm dGTP
and 0.5 mm 7-Deaza-2'-Deoxyguanosine 5'-Triphosphates (GE
Healthcare), 1.0 ul of DMSO (Sigma) and 0.25 pM each primer
with 60 ng of genomic DNA. Cycling conditions were 95°C 5 min,
followed by 35 cycles of 95°C 1 min and 72°C 2 min. PCR products
were run on an ABI 3730xL sequencer with GS500LIZ internal
size standard and analyzed using GeneMapper v.5 software. All
genotyping assays included samples with known, sequenced
repeat lengths, for accurate sizing.

Analyses of somatic instability

For analyses of somatic instability in the Boston HD samples the
HTT CAG repeat was PCR-amplified using the Qiagen Taq PCR
Core kit with 0.8 pM CAG1 (F) (6-FAM-5'-ATGAAGGCCTTCGAGTC-
CCTCAAGTCCTTC), 0.8 pM Hu3 (R) (5'-GGCGGCTGAGGAAGCTG-
AGGA), 0.5 U Taq DNA Polymerase, 1x Qiagen PCR Buffer, 1x
Q-Solution and 0.2 mm dNTP mix in a total reaction volume
of 20 pL. Cycling conditions were 95°C 5 min, 30 cycles of
95°C 30 s, 65°C 30 s, 72°C 90 s, followed by 72°C for 10 min.
PCR products were run on the Applied Biosystems 3730x] DNA
Analyzer using GS500LIZ internal size standard and analyzed
using GeneMapper v5. For analyses of somatic instability in the
Bochum samples, the HTT CAG was PCR amplified using primers
Hu4 (F) (6-FAM-5-ATGGCGACCCTGGAAAAGCTGATGAA) and
Hu5 (R) (5-GGCGGTGGCGGCTGTTGCTGCTGCTGCTGC) as pre-
viously described (88,89). PCR products were resolved using
the ABI 3500XL Genetic Analyzer (Applied Biosystems) using
GeneMapper v4.1 software and GeneScan 500-ROX as internal
size standard. For analyses of somatic instability in the SCA1
samples, the ATXN1 CAG repeat was amplified as previously
described (90), but using the Qiagen Taq PCR Core kit with 0.8 pM
REP1 (F) (6-FAM-5 AACTGGAAATGTGGACGTAC), 0.8 uM REP2 (R)
(5'-CAACATGGGCAGTCTGAG), 0.5 U Taq DNA Polymerase, 1 X
Qiagen PCR Buffer, 1 X Q-Solution and 0.2 mM dNTP mix in a total
reaction volume of 20 pL. PCR products were run on the Applied
Biosystems 3730xl DNA Analyzer using GS500LIZ internal size
standard and analyzed using GeneMapper V5. Repeat size was
inferred based on the size of the PCR product in base-pairs.
Expansion indices from GeneMapper peak height data were
calculated as described (22), taking into account only expansion
peaks to the right of the highest peak (modal allele) and using
a 1% relative peak height threshold. Briefly, normalized peak
heights were calculated by dividing each expansion peak height
by the sum of the heights of the main allele plus all expansion
peaks, the change in CAG length of each expansion peak from
the main allele was determined, each normalized peak height
was multiplied by the CAG change from the main allele, and
these values were summed to generate an expansion index that
represents the mean positive CAG repeat length change in the
population of cells being analyzed. All samples analyzed from
individual HD1, HD2, HD5, HD7 and HDS8 had the same modal
allele length (43, 44, 44, 46 and 50 respectively) For individual
HD3, the modal allele was 53 CAGs for most tissues and 54
for a minority of tissues and for individual HD8 the modal
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allele length was 53 in all samples but one where it was 54
CAGs. For the SCA1 tissues, the modal allele length sized at
46 or 47 CAGs for the majority of samples and at 48 CAGs in
three samples. These differences in modal allele length for the
individuals with the longest repeat lengths very likely reflect
somatic expansion, supported by all HD3 and HD8 peripheral
tissues having the shorter modal repeat length (53) and the
three tissue replicates of the more stable cerebellum in the
SCA1 case sizing as 46 CAGs. A modal allele shift is also clearly
apparent in the juvenile onset samples. Therefore, in order to
account for somatic expansion that has shifted the modal repeat
length, we have taken the lower/lowest repeat lengths in HD3,
HD8 and in the SCA1 individual to represent most closely the
inherited repeat lengths, and have calculated expansion indices
based on these CAGs as the main allele. For HD4, we have not
calculated expansion indices due to the high variation in modal
allele length and uncertainty of the allele length that represents
the inherited allele, and instead have plotted modal CAG and
the maximum CAG detectable using a 1% relative peak height
threshold to visually represent the variation across these tissue
samples.

Statistical analyses

Statistical analyses were performed using GraphPad Prism v.8.
Linear regression was used to assess the correlation between
expansion index values in different tissues. To compare instabil-
ity in spinal cord gray and white matter, we used 2-way ANOVA
with region (gray versus white) and individual (HD1-3) as main
effect variables, accounting for repeated measures across the
four spinal cord regions.

Supplementary Material

Supplementary Material is available at HMG online.
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