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Novel treatments for Huntington’s disease (HD), a progressive
neurodegenerative disorder, include selective targeting of the
mutant allele of the huntingtin gene (mHTT) carrying the
abnormally expanded disease-causing cytosine-adenine-gua-
nine (CAG) repeat. WVE-120101 and WVE-120102 are
investigational stereopure antisense oligonucleotides that
enable selective suppression of mHTT by targeting single-
nucleotide polymorphisms (SNPs) that are in haplotype phase
with the CAG repeat expansion. Recently developed long-read
sequencing technologies can capture CAG expansions and
distant SNPs of interest and potentially facilitate haplotype-
based identification of patients for clinical trials of oligonucle-
otide therapies. However, improved methods are needed to
phase SNPs with CAG repeat expansions directly and reliably
without need for familial genotype/haplotype data. Our haplo-
type phasingmethod uses single-molecule real-time sequencing
and a custom algorithm to determine with confidence bases at
SNPs on mutant alleles, even without familial data. Herein, we
summarize this methodology and validate the approach using
patient-derived samples with known phasing results. Compar-
ison of experimentally measured CAG repeat lengths, heterozy-
gosity, and phasing with previously determined results showed
improved performance. Our methodology enables the haplo-
type phasing of SNPs of interest and the disease-causing,
expanded CAG repeat of the huntingtin gene, enabling accu-
rate identification of patients with HD eligible for allele-selec-
tive clinical studies.

INTRODUCTION
Huntington’s disease (HD) is a progressive neurodegenerative disor-
der that presents as a triad of motor, psychiatric, and cognitive
dysfunction.1,2 HD is caused by a cytosine-adenine-guanine (CAG)
trinucleotide repeat expansion in the huntingtin (HTT) gene, which
results in production of a mutated form of the huntingtin protein
(mHTT).1,3 Multiple studies have demonstrated an inverse correla-
tion between CAG repeat length and age of symptom onset in patients
with HD, clearly identifying the mHTT allele as a potential therapeu-
tic target.1,4–6 Currently, there are no approved disease-modifying
therapies for HD.7
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Wild-type HTT protein (wtHTT) is ubiquitously expressed and has
numerous physiologic roles, particularly in neurons and glia.8–10 In
healthy neurons, wtHTT is required for neurogenesis11 and is
involved in both retrograde and anterograde transport in axons and
dendrites.12–14 Overexpression of wtHTT has been shown to protect
against N-methyl-D-aspartate (NMDA)-mediated excitotoxicity,15

whereas expression of mHTT has been shown to increase NMDA re-
ceptor-mediated activation and cell death.16 In mice, reduced wtHTT
levels result in deterioration of overall health, abnormal neuronal
development, brain atrophy, and motor deficits;17,18 knockout of
Hdh, the murine homolog of human HTT, leads to death at approx-
imately embryonic day 7.5.19 Reduced expression of HTT has also
been observed in invasive cells in patients with breast cancer and
was associated with poor prognosis and development of metas-
tasis.20,21 The long-term consequences of wtHTT reduction are
currently unknown.

Various therapeutic strategies are in development to reduce HTT
expression in patients with HD.22 Given the potentially deleterious ef-
fects associated with reduced wtHTT levels, and that few patients are
homozygous carriers,23 selective suppression of mHTTwith preserva-
tion of wtHTT expression may be a more beneficial targeting strategy
than indiscriminate knockdown of both HTT alleles. One way to
achieve selective suppression of mHTT is to design oligonucleotides
that target heterozygous loci and preferentially bind mRNA tran-
scripts containing single-nucleotide polymorphisms (SNPs) that are
on the same allele (in haplotype phase) as the expanded CAG repeats
in the mHTT allele.24,25 Although variable results have been reported
in the literature, in HD, approximately two-thirds of patients with Eu-
ropean ancestry have either SNP rs362307 (SNP1), SNP rs362331
(SNP2), or both SNPs in phase with the expanded CAG repeats,
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making these SNP variants promising therapeutic targets for most pa-
tients with HD.25,26

Wave Life Sciences Ltd. (Cambridge, MA, USA) has developed inves-
tigational stereopure oligonucleotides, WVE-120101 and WVE-
120102, which selectively suppress mHTT production by specifically
targeting the U variant of SNP1 and SNP2, respectively, in mHTT
mRNA transcripts containing the disease-causing CAG expansion.
These stereopure oligonucleotides have precisely controlled stereo-
chemistry at phosphorothioate linkages, an approach that may lead
to increased potency and improved target engagement.27 Accurate
and efficient phasing, which involves determination of whether the
U variant of SNP1 or SNP2 is on the same allele as the CAG expansion
within mHTT, is imperative for identifying patients who could poten-
tially benefit from these stereopure oligonucleotides that selectively
suppress mHTT.

Identification of SNPs in phase with CAG expansions has been a chal-
lenge owing to the long distances between SNPs and CAG repeat re-
gions within the HTT locus. The HTT gene is 180 kb long,28 and the
targeted SNPs of interest are distal to the CAG repeat expansion. For
instance, SNP1 and the CAG repeat expansion are approximately 165
kb apart in genomic DNA and 9.5 kb apart29 in HTT mRNA. Until
recently, it was not possible to capture distal variants together with
the long CAG expansions in HD on the same sequencing read.
Long-read sequencing technologies can now facilitate resolution of
bases at distant positions in a single read,30 enabling classification
of an allele as targetable or not targetable with allele-selective treat-
ment strategies.

However, this requires effective and reliable haplotype phasing
methods, and current methods for phasing bases at a distant SNP
on the mutant allele have limitations.31,32 Rather than directly
phasing variants, these methods rely on familial data and statistical
inference.30–34 When the linkage between CAG repeats and distant
SNPs are ambiguous, they require consultation of genotypes and
haplotypes of relatives, or, when such information is unavailable or
uninformative for phase determination, they rely on probabilistic
assignment of phase based on population data.31,35 A direct approach
to phasing that is not reliant on population data would be more suit-
able for adoption in the clinic. Notably, several haplotype calling tools
suitable for long reads were published during the development of our
assay, and their potential utility is addressed in the Discussion.36,37

We sought to build off the promise of long-read sequencing technol-
ogy and develop a haplotype phasing approach that could directly
identify patients with expanded CAG repeats in phase with the U
variant of a targeting SNP of interest without familial genotype or
haplotype data, enabling reliable haplotype phasing determination
of candidates for allele-selective clinical trials. This phasing approach
couples single-molecule real-time (SMRT) DNA sequencing technol-
ogy using the PacBio RS II system (Pacific Biosciences, Menlo Park,
CA, USA), which produces read lengths exceeding 60 kb,38 with a
custom algorithm developed to process the long-read sequencing
Molecular The
data. With this approach, we can create long-range complementary
(cDNA) templates of the HTT gene mRNA and amplify �9.8-kb re-
gions that encapsulate the CAG repeat and SNP1 and SNP2 regions.
During library preparation, a closed circular DNA template, termed a
SMRTbell, is created by ligating flanking hairpins to the end of the po-
lymerase chain reaction (PCR) product insert, which allows for circu-
lar polymerization of the insert, forming a continuous long read that
may contain multiple passes of the insert.38 In our case, due to the
length of the insert, this typically results in one complete pass over
the amplifiedHTT sequence on the PacBio RS II instrument. Howev-
er, recent advancements in the technology enable generation of longer
reads and may further provide high-quality circular consensus
sequencing (CCS) reads resulting from multiple sequencing passes
of long inserts. When generating the DNA insert by long-range
amplification of the HTTmRNA, the evaluated reads are of sufficient
length to capture both the CAG repeat and exonic SNP regions of in-
terest; thus, we developed an algorithm that can determine the phase
of the SNP with the CAG expansion region.

PRECISION-HD1 (ClinicalTrials.gov: NCT03225833) and PRECI-
SION-HD2 (ClinicalTrials.gov: NCT03225846), phase 1b/2a multi-
center, randomized, double-blind, placebo-controlled studies, are
currently evaluating the safety and tolerability of single and multiple
doses of WVE-120101 and WVE-120102, respectively, in patients
with HD. To be eligible for the PRECISION-HD studies, patients
are screened to confirm the presence of CAG repeat expansions
and heterozygosity of SNP1 and SNP2 and to determine whether
they have the targeted SNP U variant on the same allele as the path-
ogenic CAG expansion (Figure 1).

Herein, we summarize our methodology for phasing determination
between distant SNPs and CAG repeat expansions in HTT mRNA,
which can be used to qualify patients for allele-selective clinical trials.
We report validation of the approach using samples with known
phasing results that were obtained using genome-wide human SNP
array data33 and phasing of SNPs using theMarkov chain haplotyping
(MaCH) algorithm.31,35

RESULTS
To assess the assay protocol, 12 HD patient-derived cell lines from the
Coriell Institute were processed to determine whether the CAG repeat
size, SNP heterozygosity, and haplotype phasing results generated us-
ing our methodology were comparable to the known CAG repeat size,
SNP heterozygosity, and phasing data of the historical Coriell Insti-
tute samples. Following blinded sample analysis, Coriell Institute
samples were unblinded and compared with the blinded sample
data. Correlation analysis showed perfect concordance between
CAG repeat data generated with our method and known repeat
data (Figure 2), with results being within the ranges for CAG repeat
quantitation given in the American College of Medical Genetics
and Genomics technical standards and guidelines for HD.39 Similarly,
heterozygosity and phasing generated with our method showed near-
perfect concordance with known historical results (Figure 3) and high
degrees of confidence (Table S1). We observed a difference between
rapy: Methods & Clinical Development Vol. 19 December 2020 163
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Figure 1. Prescreening and Screening Process for PRECISION-HD Clinical

Studies

Prescreening included confirmation of CAG expansion R36 repeats and hetero-

zygosity of the SNPs of interest. For confirmed samples, the long-read sequencing

assay was used to determine haplotype phasing. CAG, cytosine-adenine-guanine;

HD, Huntington’s disease; NGS, next-generation sequencing; PCR, polymerase

chain reaction; SNP, single-nucleotide polymorphism.
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historical results and our phasing data for SNP2 on the mutant allele
(T versus C, respectively) in sample ND30259. An additional discrep-
ancy was found for rs149109767, in which, across all samples, we only
observed the deletion.

To further evaluate the method and reagents used for the phasing
protocol, a validation study was undertaken with Q2 Solutions | EA
Genomics (Morrisville, NC, USA). Specificity was initially assessed
using a no template control (NTC). Measurements of long-range
PCR products using the NTC were below the limit of detection of
the assay, leading to the conclusion that the NTC was truly negative.
Four cell lines, 9 whole-blood samples from 6 patients with HD, and
15 whole-blood samples from 12 healthy control donors were used for
assay validation.

Accuracy of the assay for phase determination was analyzed using
whole-blood samples from healthy controls and samples with known
CAG repeat length and haplotype phasing. The assay produced the
correct phasing results for all samples, leading to a total of 15 true
positives, 26 true negatives, 0 false negatives, and 0 false positives (ac-
curacy, 41/41 [100%]; Table S2). Both analytical sensitivity (15 true
positives of 15 previously known in-phase samples) and specificity
(15 true positives of all positives [15 true + 0 false positives]) were
determined to be 100%. Intra-run precision, assessed by performing
technical replicates within the same run, was 100% (6/6 samples
164 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
with concordant phasing determinations). Inter-run precision was as-
sessed by performing technical replicates across three runs; the assay
led to concordant phasing results in 16 of 16 cases (100%; Table S3).
Reproducibility was assessed using different lots of critical reagents;
consistent results were observed for all replicates. However, one cell
line, which was not included in the assay validation, failed to pass
the Bayes factor threshold in the initial run, indicating possible
run-to-run variability. Stability of RNA and cDNA was assessed after
two freeze-thaw cycles. Freeze-thaw stability of long-range PCR am-
plicons (DNA) from downstream reactions was not tested since DNA
is known to be more stable than RNA. Analysis of results demon-
strated that phasing determination was not affected by freeze-thaw
(Table S2).

Despite our expectation to observe two distinct haplotypes, we
observed additional chimeric reads likely resulting from incomplete
PCR products. This observation motivated the use of a statistical
method that used the read counts of the two main haplotypes and
conservatively included the counts of the chimeric products. This
method allowed for determination of phase with Bayes factor values
>9.19 � 1010, suggesting high degrees of confidence (Figure 4;
Figure S1).

Thirty-one cycle PCR yielded an insufficient quantity of PCR product
for library preparation. However, 34-cycle PCR amplification yielded
a sufficient quantity of PCR product and significantly reduced the
proportion of reads resulting from chimera artifacts compared with
38-cycle PCR amplification (8.3% versus 25.3%; p < 0.0001; Figure 5).

We observed a marginal, but statistically significant enrichment of
short CAG-containing reads in comparison with expanded CAG-
containing reads (Figure S2). We applied our methodology to phase
all exonic SNPs mentioned in Chao et al.31 located within the ampli-
fied region, with the exception of rs362267, rs115335747, and
rs2530595, which are located upstream of our reverse primer (Fig-
ure 3; Figure S3; Table S4). In addition, we analyzed several other
HTT SNPs distributed across the amplified region.We found an addi-
tional discrepancy with rs149109767, where we did not observe the
insertion. Namely, in all samples, including the reference mRNA
sequence GenBank: NM_002001, we only observed the deletion
(Figure 3).

DISCUSSION
Current haplotype phasing methods are limited by the inability to
directly and definitively phase distant features in the absence of famil-
ial genotype or haplotype data,31,32 which impedes the identification
of patients with HD eligible for allele-selective clinical studies. We
took advantage of the availability of long-read sequencing technolo-
gies, which can capture SNPs of interest and CAG repeats from HD
samples in one read, to develop a new phasing method for HD that
can assess with confidence the base at a distant SNP on the mutant
allele and enable appropriate identification of candidate patients
with HD for clinical studies. Our assay produces single long-read se-
quences that allow visualization of distant SNP variants and the CAG
ber 2020



Figure 2. Concordance of CAG Sizing Data from the Coriell Institute and BioRep

Violin plot shows distribution of CAG repeat lengths as determined using the haplotype phasing assay. Yellow and blue dots indicate known CAG repeat size for short and

long repeats, respectively. Boxes show interquartile range (IQR) and median.
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repeat expansion on the mHTT allele, thus enabling haplotype
phasing determination in patients with HD. This strategy can be uti-
lized inmultiple genes where a structural variant of variable size needs
to be phased with a SNP of interest for allele-selective targeting.

Notably, during the development of our method, several haplotype
callers suitable for long-read sequencing technologies were published.
Solutions such as WhatsHap37 and, more recently, SHAPEIT436 rely
on high-quality standard variant call format (VCF) files that must be
generated directly from high-quality CCS reads on the more current
Sequel II platform, or orthogonal short read sequencing of the same
sample. While our sequencing reads generated on the RSII were not
suitable for testing, it would be useful to evaluate the performance
of these tools for phasing the long CAG repeat expansion and how
the chimeric reads discussed below would affect their performance.

Our assay takes advantage of PacBio technology to produce longer read
lengths than those that can be achieved using standard sequencing and
other next-generation sequencing (NGS) methods.38 Thus, in every
read, which represents a single allele, we are able to determine the
base at the SNP of interest and the CAG repeat length, which can be
up to approximately 10 kb apart in mHTT mRNA.40 In fact, in the
current study, our approach produced an average read length of
15,951 bases, with a maximum read length of 21,460 bases, allowing
for colocalization of SNPs and CAG repeats on the same amplicon. Su-
perior performance is now achievable with the PacBio Sequel II plat-
form, which is reported to provide maximum subread lengths of
>200 kb, an insert (subread) length N50 of 22.3 kb, and a polymerase
read length N50 of 41.7 kb, yielding 131.6 Gb of total sequence.41

The phasing of any structural variant with a SNP colocalized on the
same read is a straightforward task. However, we observed above-
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background anomalous reads with an unexpected switched phase.
One of the inherent problems of long-range PCR is the potential gen-
eration of chimeric PCR products during amplification.42 These chi-
meras are PCR artifacts that likely result from premature termination
of an amplicon followed by reannealing of the amplicon to another
template.43

A two-prong strategy was applied to mitigate the occurrence of
chimeric reads in our sequencing data. We experimentally demon-
strated that the number of chimeras can be reduced by decreasing
the number of PCR amplification cycles and that this can be accom-
plished without significantly reducing the number of qualified reads.
This supports development of future algorithms for the detection and
elimination of chimeras. More critically, we conservatively accounted
for the presence of chimeric products using our algorithm, and their
numbers are built into our statistical model. As with previous HD da-
tasets (R. Mouro Pinto, 2017, PacBio User Group, conference), we
observed anomalous long CAG repeat regions and some degree of in-
sertions and deletions in the CAG region, which could be polymerase
errors possibly arising from their highly GC-rich nature, resulting in a
distribution of CAG repeat lengths rather than one discrete length
value (Figure S1) (R. Mouro Pinto, 2017, PacBio User Group,
conference).

In our validation study, correlation analysis of blinded haplotype
phasing results from patient-derived cell lines and whole-blood
samples with known phasing results (obtained using our method at a
separate facility)44 showed 100% accuracy, precision, sensitivity, and
specificity (Table S2). CAG repeat sizing, SNP heterozygosity, and
phasing data were directly and reliably obtained without the need for
familial data or probabilistic phasing, demonstrating an advantage
for this approach over existing haplotype phasing methods for HD.
rapy: Methods & Clinical Development Vol. 19 December 2020 165
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Figure 3. Heterozygosity and Phasing Data from Patient-Derived Fibroblasts

rsIDs represent evaluated exonic SNPs, and orange denotes a SNP evaluated in Chao et al.31; rs149109767 is an indel, where D represents an AGG>delAGG observed

deletion. Blue denotes bases concordant with previously published results, and yellow denotes bases discordant with previously published results. Haplotypes are reported

as determined in Chao et al.31 “Other” is defined as a rare or uncertain haplotype. L, long (expanded) CAG repeat allele; NA, not reported; S, short CAG repeat allele. *SNP

across the huntingtin mRNA sequence.
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The identified discrepancies between our findings and historical re-
sults confirm the potential for errors when using an indirect phasing
approach and show the advantage of our strategy over previous
phasing methods. Long-read sequencing can accurately capture
CAG repeat expansions of various lengths and SNPs at distant loca-
tions within the same read, offering clear visibility to determine
directly a SNP and its association with either the mHTT or the wtHTT
allele, even for samples that may be challenging to phase using previ-
ous methods. The algorithm we developed can determine the phase of
the targeted SNPs of interest, as well as accurately estimate the CAG
repeat length and recapitulate zygosity at any position of the ampli-
fied insert. The initial generation of Bowtie indices facilitates future
computationally efficient analysis of other sites of interest within
the amplified insert region.We think that our method provides a con-
servative approach for determining the phase of the SNPs of interest
with the CAG repeat type in both the mHTT allele and wtHTT alleles.
Furthermore, we can phase any exonic SNPs within amplified regions
with the CAG repeat region, enabling identification of a substantially
greater number of SNPs than used previously.31

Direct phasing using our methodology allows for the possibility of
allele-selective targeting of mHTT via SNPs that are in phase with
CAG repeat expansions in patients with HD. Such targeting with ster-
166 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
eopure oligonucleotides can reduce mHTT expression while preser-
ving wtHTT expression and function. The investigational stereopure
oligonucleotides WVE-120101 and WVE-120102 are currently being
studied in clinical trials. These trials represent a novel clinical appli-
cation of stereopure oligonucleotides that act specifically to degrade
the disease-causing HTT mRNA by targeting a SNP in phase with
the abnormal CAG repeat expansion. The haplotype phasing
approach described herein represents the first long-read sequencing
phasing method used to support a clinical trial. This approach is being
used to screen patients for enrollment.44 While patients are pre-
screened to confirm CAG expansion of R36 repeats (i.e., confirm
HD diagnosis) and heterozygosity at both SNPs by fluorescence
PCR and Sanger sequencing, respectively, the algorithmwe developed
fully captures CAG repeat sizing, heterozygosity, and haplotype
phasing.

This approach is also limited by the successful generation of a long-
range PCR product and may not be applicable for phasing across
longer distances, despite the ability of the sequencing technology to
yield longer reads. Alternative strategies may be needed to phase
events successfully across larger genomic distances. The 10x Geno-
mics platform, for example, uses genomic DNA as a template to
generate a library of approximately 50-kb fragments labeled with
ber 2020



Figure 4. Representative Results from the Allelic Phasing and SNP-CAG Repeat Association With Long-Read Sequencing

Inset shows prior (red), likelihood (yellow), and posterior (blue) probability for the long CAG repeat allele being in haplotype phase with the SNP U variant. Sample GM02077f

was heterozygous for SNP1 and homozygous for SNP2. CAG repeat length was 17 and 44 for the short and longCAG repeats, respectively. SNP1 and SNP2 contained the U

variant on the long CAG repeat; however, only SNP1was heterozygous and therefore would qualify the patients for an allele-selective clinical trial. See Figure S1 for results for

the 12 samples used in assay determination.
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unique barcodes. The resulting barcoded library provides long-range
information suitable for haplotype phasing and determination of
SNPs of interest using existing short-range sequencing technologies.
One limitation of this approach, related to the read length of these
sequencing technologies, is the inability to resolve long CAG expan-
sions. However, with prior determination of the CAG repeat lengths
and Sanger sequencing to determine heterozygosity, this technology
may be used to phase the short CAG expansion, providing sufficient
information to infer the long CAG expansion haplotype. Another
viable approach could use amplification of overlapping genomic re-
gions followed by WhatsHap or SHAPEIT4 for haplotype calling.

In conclusion, our haplotype phasing assay offers benefits over cur-
rent phasing methods by eliminating the need for familiar genotype
or haplotype data or use of probabilistic population phasing. Our
assay enabled the identification of patients with HD who have tar-
geted SNPs on the disease-causing mHTT allele. Blinded assessment
of haplotype phasing showed near-complete concordance with previ-
ously determined phasing data from Coriell Institute samples. The
few observed discrepancies show the advantages of using long-read
technology for haplotype phasing. Our method specifically treats
the CAG structural variant and accounts for the occurrence of chi-
meras, both of which are likely to be problematic for general haplo-
type callers. This approach highlights a strategy for phasing that en-
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ables enrollment of patients with HD for allele-selective suppression
of mHTT in clinical studies. More generally, our methodology can be
readily used for phasing in other diseases for which allele-selective
treatment may be desirable.
MATERIALS AND METHODS
Samples

To evaluate allele-phasing capabilities in a blinded experiment, we
analyzed patient-derived cell lines from the Coriell Institute (Cam-
den, NJ, USA) with known determinations of SNPs in phase with
CAG repeat expansions (Figure 3).31 To assess the reproducibility
of the assay, we analyzed patient-derived cell lines from the Coriell
Institute (Camden, NJ, USA) and whole-blood samples from patients
with HD collected as part of an observational study designed to define
SNP frequencies, each with known determinations of SNPs in phase
with CAG repeat expansions,44 as well as whole-blood samples from
healthy donors. The latter were obtained from Folio Conversant (now
Discovery Life Sciences; Los Osos, CA, USA) in PAXgene blood RNA
tubes (PreAnalytiX, Hombrechtikon, Switzerland). The blinded
reproducibility study was performed at EA Genomics (Morrisville,
NC, USA) with samples previously analyzed at HudsonAlpha Insti-
tute for Biotechnology (Huntsville, AL, USA) using our method.
The study was conducted in accordance with the Declaration of
rapy: Methods & Clinical Development Vol. 19 December 2020 167
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Figure 5. Chimera Production as Percentage of Total Reads after 34

(Circles) or 38 (Triangles) PCR Amplification Cycles

Lines show mean and SD. *p < 0.0001.
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Helsinki and approved by an Institutional Review Board; all partici-
pants provided written informed consent prior to sample collection.

CAG Repeat Length and SNP Heterozygosity Determination

DNA was extracted from each sample, and CAG repeat length was
analyzed at a commercial testing laboratory (BioRep, Milan, Italy) us-
ing fluorescence PCR. DNA samples were also analyzed for heterozy-
gosity for HTT gene target SNPs (T or C) using Sanger sequencing at
HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA; data
not shown) (Figure 1).

Assay Parameters and Specifications

During the development of this methodology, we tested and deter-
mined several assay parameter specifications. In a prospective, obser-
vational study44 and the ongoing PRECISION-HD clinical studies
(ClinicalTrials.gov: NCT03225833 and NCT03225846), a 2.5-mL
whole blood sample was collected in each PAXgene RNA tube. The
average amount of RNA obtained from each PAXgene whole-blood
RNA tube was approximately 8.5 mg (range, 2.5–20 mg per PAXgene
tube). The minimum amount of RNA required for a successful
phasing assay was calculated to be 0.6 mg per reaction, and the min-
imum required RNA quality as estimated by the RNA integrity num-
ber (RIN) was 7. For the post-HTT gene-specific cDNA synthesis, a
minimum of 295 and 325 ng of cDNA was used in a 12.5-mL reaction
for cell-derived and blood-derived RNA, respectively, to generate the
PCR product; 1 mg of PCR product was used to generate a sample
library.

In a prospective, observational US study, the most frequently occur-
ring genotype for HTT was a normal allele with 18 CAG repeats and a
mutant allele with 43 repeats.44 In addition to PacBio sequencing for
enumeration, CAG size was determined using a PAXgene blood DNA
sample and a PCR-capillary electrophoresis (CE)-based orthogonal
method that is widely used for HD diagnosis.45 In fibroblast cell lines,
the longest CAG we have phased to date is 66 CAG repeats. Patients
168 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
prescreened for the PRECISION-HD clinical studies were limited to
early stage HD with an average repeat length of 44. The longest
expansion tested so far was 62 CAG repeats; all repeats have been suc-
cessfully enumerated. This is not the limit for the assay, but it is the
longest we have encountered thus far. Longer CAG expansions
have previously been sequenced and reported using the PacBio tech-
nology (R. Mouro Pinto, 2017, PacBio User Group, conference).

Haplotype Phasing

Methods and results for phasing determination of the Coriell Insti-
tute samples have been previously described.31 Briefly, phasing was
previously determined using the MaCH algorithm.35 In this process,
a pair of haplotypes compatible with observed genotypes is
randomly generated. Initial haplotype estimates are refined through
a series of iterations, and a consensus haplotype is constructed by
merging the haplotypes sampled in each round. Phasing results
for Coriell Institute samples that were previously determined
through the MaCH method were blinded until completion of sam-
ple and data analysis.

Long-read sequencing technology was used to determine whether the
targeted SNP U variant was present on the same allele as the patho-
genic CAG expansion. These analyses were performed at HudsonAl-
pha Institute for Biotechnology and Q2 Solutions | EA Genomics,
LLC (Morrisville, NC, USA) using methodology, algorithms, and an-
alytic tools developed atWave Life Sciences. Total RNAwas extracted
from patient-derived cells and whole-blood samples using the
QIAGEN RNeasy Mini Kit (QIAGEN, Germantown, MD, USA)
and the PAXgene IVD blood isolation kit (PreAnalytiX), respectively.
Purified RNA was reverse transcribed into long cDNA with a gene-
specific primer (50-ATGCTGGGCTCTGTCACTAA-30; Integrated
DNA Technologies, Coralville, IA, USA) and the SuperScript IV
first-strand synthesis system (Thermo Fisher Scientific, Waltham,
MA, USA). Long-range PCR amplicons were generated from cDNA
using gene-specific primers (forward, 50-AGCTGATGAAGGC
CTTCGAGTCCCTCAAGTC-30; reverse: 50-GTGTTCCCAAAGC
CTGCTCACGGCAC-30) and PCR TaKaRa LA Taq DNA polymer-
ase with GC buffers (Clontech, Mountainview, CA, USA). For sam-
ples in which PCR produced 9- to 10-kb bands with no other bands
>2 kb (see representative PCR results in Figure 6), the PCR reaction
was purified and sequenced. For samples in which the reaction pro-
duced nonspecific bands >2 kb, amplicons were size selected using
the BluePippin DNA size selection system (Sage Science, Beverly,
MA, USA) before purification and sequencing. Only amplified
DNA >6,000 bp was analyzed further. A library was prepared through
ligation of blunt-ended double-stranded amplicons with PacBio
SMRTbell templates and was subsequently sequenced on the PacBio
RS II sequencer.

The following parameters were used to validate the performance of
the allele-phasing assay for determining SNP association with CAG
repeat by reverse transcriptase PCR and NGS: specificity, sensitivity,
lower limit of input, inter-run and intra-run precision, reproduc-
ibility, accuracy, and stability (Tables S1–S3).
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Figure 6. Replicates of Long-Range PCR Products from Four Patient-Derived Cell Lines and 12 Whole-Blood Samples from Healthy Donors Run on an

Agarose Gel

Long-range PCR produces 9- to 10-kb bands. “Directly to Library” Y indicates that the sample was directly analyzed, whereas N indicates that the PCR products underwent

size selection before analysis. PF-HD, Huntington’s disease patient-derived fibroblasts.

www.moleculartherapy.org
Statistical Algorithm for Haplotype Phasing

Given the prevalence of SNP1 and SNP2 in the HD patient popula-
tion, we developed allele-selective therapies targeting the U variant
at these SNPs where the U variant of the U/C SNP was in phase
with the disease-causing expanded CAG repeat. Thus, our assay
and analytical methods were designed to evaluate the nature of the
SNP and the length of the CAG repeat expansion. Both of these fea-
tures were presented on one long read. Ideally, we expected to see two
distinct haplotypes where in a heterozygous sample the long CAG
repeat would be in phase with, for example, Z1 at the position of
the Z1/Z2 SNP (Long | Z1), in which case the short/normal CAG
repeat would be expected to be in phase with Z2 at the SNP position
(Short | Z2). However, due to the observation of PCR chimeras, two
additional switched haplotypes were observed (Long | Z2 and Short
| Z1). As a result, we conservatively included the observation of the
chimeric reads and used a statistical method in which we took the
counts of each species in order to calculate the posterior probabilities
of each potential phase with a high degree of confidence (Figure 7;
Figure S4).

Different approaches can be used to evaluate the counts of each po-
tential phase. In order to enable quick analysis and allow the user to
provide custom sequence queries in a FASTA format, our strategy
uses the Bowtie software aligner (Bowtie software available at
http://bowtie-bio.sourceforge.net/index.shtml) to resolve the base
Molecular The
at both SNPs. To achieve this, the algorithm parameters were set
to 0 allowable mismatches for each read. For SNP1 and SNP2,
efforts were made to align the sequences 50-GGAAGTCTG
XGCCCTTGTGC-30 and 50-TCCCTCATCXACTGTGTGCA-30,
where all possibilities (A, C, G,T) were substituted for X, rep-
resenting the position SNP1 (rs362307) and SNP2 (rs362331),
respectively. More generally, we aligned a sequence (50_flank –

SNP – 30_flank) and attempted to align all possibilities at the SNP
position. Conversely, this can also be applied to indels, SNPs, or
any multiple SNP permutations, where only one of the query per-
mutations could possibly align on each read.

A similar approachwas used to determineCAGrepeat lengthbut allow-
ing twomismatches (tunable parameter) due to the high density of GC-
rich regions. Namely, Bowtie was used to determine the alignment po-
sitions of the 50 (CCCTCAAGTCCTTC) and 30 (CAACAGCCGCC
ACC) sequences bordering the CAG repeat expansion. TheCAG repeat
category (normal, <36 repeats; expanded,R36 repeats)was determined
bymeasuring the distance between the alignment positions of the CAG
flanking regions after filtering reads to remove those with%75% CAG
repeats content. Given that the CAG repeat lengths were previously
determined by a fluorescence PCR assay, we developed an experimental
algorithm to correct non-CAG artifacts occurring within the CAG
region of each read. This correction recapitulates the fluorescence
PCR estimates of the CAG repeat expansion lengths.
rapy: Methods & Clinical Development Vol. 19 December 2020 169
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Figure 7. Long-Read Method for Haplotype Phasing of SNPs with the CAG Repeat Expansion in HD

(A) Each sequencing read contains information on the SNP of interest and a normal or expanded CAG repeat. (B) The CAG repeat length d is measured as the distance

between two aligned flanking sequences, while the base at any SNP of interest is determined by progressive alignment of all potential bases at the SNP locus. (C) The counts

of the two main read populations (|A| and |C|) and two minor read populations arising from PCR chimeras (|B| and |D|) are used by our statistical model to calculate the

posterior probabilities of each potential phase.

Molecular Therapy: Methods & Clinical Development
For each SNP, data were merged on the read ID, resulting in reads
with either a long (R36-repeat) or short (<36-repeat) CAG
expansion and known base identities at the two SNPs of interest.
Next, each observation was counted and binned by base identity at
each SNP and CAG repeat type.

To assess the phase of a U variant with either a long or short CAG
repeat at heterozygous SNP loci, a Bayesian model was applied to
the counts data to assess the posterior of the joint probability that
the long CAG repeat allele was in phase with the U variant
and that the short CAG repeat was in phase with the C variant, de-
noted as

Pðlong CAGjT; short CAGjCÞ:
Individual probabilities of haplotype phase realizations were modeled
using beta distributions with shape parameters determined by the
170 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
numbers of reads that either supported or did not support the partic-
ular phase configuration; specifically:

P long CAGjTð ÞfBeta A;Bð Þand

P short CAGjCð ÞfBeta C;Dð Þ:
The parameters were defined as follows: A indicates the number of
reads with a long CAG with base identity of T at SNP, B indicates
the number of reads with a short CAG with base identity of T at
SNP,C indicates the number of readswith a shortCAGwith base iden-
tity of C at SNP, and D indicates the number of reads with a long CAG
with base identity of C at SNP. Thus, the likelihood was estimated as:

Likelihood = Pðlong CAGjT; short CAGj CÞ=BetaðA;BÞ
� BetaðC;DÞ:
ber 2020
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An empirical prior was assigned that assumed completely ambiguous
results based on the total number of counts containing the CAG
repeat and SNP of interest regions:

Prior = BetaððA + B + C + DÞ = 4; ðA + B + C + DÞ = 4Þ
� BetaððA + B + C + DÞ = 4; ðA + B + C + DÞ = 4Þ:

The posterior was evaluated as the product of the prior and the likeli-
hood and was used to provide two estimates. First, the 95% highest
posterior density (HPD) was calculated as the 95% area under the
curve of the posterior probability, where the lower and upper bounds
were of equivalent probability density. Second, the Bayes factor of the
posterior odds of the posterior probability over the prior probability
was estimated according to the Savage-Dickey method46 at p = 0.5 or
complete ambiguity.

Thus, to determine the phase of the expanded CAG repeat with the
U variant with confidence, two conditions needed to be satisfied:
(1) the 95% HPD interval must be p > 0.5, and (2) the posterior
odds of the posterior probability over the prior probability must
be >106:1.
Analysis of Chimera Production

During analysis, we frequently observed a small fraction of anom-
alous reads with a similar CAG repeat length but a SNP base call
deviating from the majority read population. Suspecting that these
reads were PCR chimera artifacts and were more likely to arise
during later PCR cycles, we investigated the effect of reducing
the number of PCR amplification cycles on their occurrence.
cDNA from three different cell lines was amplified for 31, 34, or
38 cycles using a standard PCR protocol recommended by the
manufacturer of the polymerase. For the standard protocol, reac-
tion mixtures were incubated in a thermal cycler at 98�C for
3 min (denature), followed by the designated number of amplifica-
tion cycles at 98�C for 25 s, 60�C for 15 s, and 68�C for 20 min,
and holding at 4�C until analysis.
Analysis of CAG Repeat Imbalance

Percentages of short CAG-containing reads and long CAG-contain-
ing reads were estimated for 327 patient-derived samples. Amarginal,
but statistically significant, enrichment of the short CAG containing
reads was observed (Figure S2). This is likely a PCR-introduced
anomaly, as we expect both alleles to be produced at similar levels.
Data Availability

The haplotype phasing algorithm and an example FASTA file are avail-
able in the GitHub repository (https://github.com/WaveLifeSciences/
hd_haplotype_phaser).
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