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1,3%

More than 50 neurological and neuromuscular diseases are caused by short tandem repeat (STR) expansions, with
37 different genes implicated to date. We describe the use of programmable targeted long-read sequencing with
Oxford Nanopore’s ReadUntil function for parallel genotyping of all known neuropathogenic STRs in a single assay.
Our approach enables accurate, haplotype-resolved assembly and DNA methylation profiling of STR sites, from a list
of predetermined candidates. This correctly diagnoses all individuals in a small cohort (n = 37) including patients
with various neurogenetic diseases (n=25). Targeted long-read sequencing solves large and complex STR expansions
that confound established molecular tests and short-read sequencing and identifies noncanonical STR motif confor-
mations and internal sequence interruptions. We observe a diversity of STR alleles of known and unknown patho-
genicity, suggesting that long-read sequencing will redefine the genetic landscape of repeat disorders. Last, we
show how the inclusion of pharmacogenomic genes as secondary ReadUntil targets can further inform patient care.

INTRODUCTION

A short tandem repeat (STR) is a short DNA sequence motif, typi-
cally 2 to 6 base pairs (bp), repeated consecutively at a given position
in the genome. STRs make up ~7% of the human genome sequence
and are highly polymorphic, commonly varying in length between
unrelated individuals (I, 2).

Unusually long or “expanded” STR alleles are an important class of
pathogenic variants in human populations. To date, STR expansions
in more than 40 genes have been shown to cause heritable disorders,
with the majority of these exhibiting primary neurological or neuro-
muscular presentations (3, 4). These include Huntington’s disease (HD;
HTT), fragile X syndrome (FXS; FMR1), the hereditary cerebellar

1Kinghorn Centre for Clinical Genomics, Garvan Institute of Medical Research, Sydney,
NSW, Australia. School of Medicine, University of New South Wales, Sydney, NSW,
Australia. 3St Vincent's Clinical School, Faculty of Medicine, University of New South
Wales, Sydney, NSW, Australia. *School of Computer Science and Engineering, Uni-
versity of New South Wales, Sydney, NSW, Australia. *Garvan-Weizmann Centre for
Cellular Genomics, Garvan Institute of Medical Research, Sydney, NSW, Australia.
®The University of Sydney, Brain and Mind Centre and School of Medical Sciences,
Faculty of Medicine and Health, Camperdown, NSW, Australia. 7Harry Perkins Insti-
tute of Medical Research, University of Western Australia, Nedlands, WA, Australia.
8Diagnostic Genomics, PathWest Laboratory Medicine WA, Nedlands, WA, Australia.
“Westmead Hospital, Westmead, NSW, Australia and Sydney Medical School, The Univer-
sity of Sydney, NSW, Australia. '°Department of Neurology, Royal North Shore Hospital
and The University of Sydney, Sydney, NSW, Australia. ''"Neuromuscular Diseases,
UCL Queen Square Institute of Neurology, London, UK. *The National Hospital for Neu-
rology and Neurosurgery, London, UK. '*Raphael Recanati Genetics Institute, Rabin
Medical Center, Beilinson Hospital, Petah Tikva, Israel. "*The Neurology Depart-
ment, Rabin Medical Center, Beilinson Hospital, Petah Tikva, Israel. "°Northcott
Neuroscience Laboratory, ANZAC Research Institute, Sydney, NSW, Australia. 16Faculty
of Health and Medicine, University of Sydney, Camperdown, NSW, Australia.
"Molecular Medicine Laboratory, Concord Hospital, Concord, NSW, Australia.
"®Neurology Department, Central Clinical School, Concord Repatriation General
Hospital, University of Sydney, Concord, NSW, Australia.

*Corresponding author. Email: i.deveson@garvan.org.au

1These authors contributed equally to this work.

Stevanovski et al., Sci. Adv. 8, eabm5386 (2022) 4 March 2022

ataxias (RFCI, FXN, and others), the myotonic dystrophies (DMPK
and CNBP), the myoclonic epilepsies (CSTB, SAMDI12, STARD?,
and others), and C9orf72-related frontotemporal dementia and
amyotrophic lateral sclerosis (ALS) (3, 4). With each of the >40
STR-associated neurogenetic diseases estimated to affect ~1 to 10 in-
dividuals per 100,000, their collective prevalence is high (5-8). More-
over, the list of disorders in which STR expansions are implicated
continues to grow, and many pathogenic STR genes have been
described recently (5-10).

Given (i) the wide variety and collectively high prevalence of
STR expansion disorders, (ii) the large number of genes involved,
(iii) the frequent identification of new genes, (iv) the diversity in size
and sequence conformation of pathogenic STR expansion alleles, and
(v) the many gaps in our understanding of their basic biology, there
is a growing need for improved methods for the molecular charac-
terization of STRs. Established molecular techniques [e.g., Southern
blot and repeat-primed polymerase chain reaction (RP-PCR)] are
relatively slow, labor-intensive, and imprecise and require a sepa-
rate assay with specific primers/probes for every different STR (11).
This is problematic when multiple different STR expansions can
manifest in a similar phenotype (locus heterogeneity) (3, 4) and is
a major barrier to the implementation of tests for newly identified
STR genes. Next-generation sequencing (NGS) has some utility for
the analysis of STR expansions (12, 13). However, the large size, low
sequence complexity, and high GC content of many pathogenic STR
expansions make them refractory to analysis by short-read NGS
platforms (e.g., Illumina) (11).

Long-read sequencing technologies from Oxford Nanopore
Technologies (ONT) and Pacific Biosciences can be used to geno-
type large and complex STR expansions, even within challenging
contexts such as mobile elements (5-8, 14-17). Simultaneous
profiling of DNA methylation at repeat sites is another advantage
of these technologies (15, 17). However, whole-genome analysis
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remains prohibitively expensive on either platform. A cas9-based
approach for targeted enrichment of STR loci and long-read se-
quencing was recently developed (15, 18). However, this suffers
from the same limitation as existing molecular techniques, in that a
unique set of cas9 guide RNAs is needed for every different STR,
requiring careful design and experimental optimization.

An alternative approach to targeted long-read sequencing is
ONT’s “ReadUntil” functionality, whereby an ONT sequencing
device can be programmed to recognize and accept/reject specific
DNA sequence fragments during a sequencing experiment (19, 20).
Target selection is fully flexible and requires no additional laboratory
processes beyond standard library preparation. Here, we demonstrate
that ONT ReadUntil can be used to achieve accurate molecular
characterization of all known neuropathogenic STRs in a single assay.
Using a custom panel comprising 37 STR loci associated with neuro-
logical and neuromuscular disease, we performed targeted ONT
sequencing on 37 patient-derived DNA samples to identify and
fully characterize a diverse range of STR expansions. Our study
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establishes the analytical validity of programmable ONT sequencing
for the genetic diagnosis of STR expansion disorders and showcases
the numerous advantages of this approach.

RESULTS

Programmable targeted nanopore sequencing

of pathogenic STRs

ONT’s ReadUntil function has the potential to enable simple, cost-
effective sequencing of all known pathogenic STR loci but is a largely
untested technology. To evaluate the use of ReadUntil for STR pro-
filing, we designed a custom panel encompassing all genes known to
harbor pathogenic STR expansions implicated in primary neurologi-
cal and neuromuscular diseases (1 = 37; table S1). For each gene, the
entire locus was targeted, including 50 kb of flanking sequence in
either direction (Fig. 1A). The panel included a range of additional
clinically informative loci and covered ~50.5 Mb in total, equating
to ~1.6% of the human reference genome (hg38; see table S2).
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Fig. 1. Targeted sequencing of pathogenic STR sites with ONT ReadUntil. (A) Genome browser view shows sequencing alignments to the HTT locus and surrounding
regions for a typical ONT ReadUntil experiment (lower track). Location of ReadUntil target region for HTT is marked below, and on-target (navy) versus off-target alignments
(red) are distinguished by color. For comparison, a coverage track is also shown for a typical whole-genome ONT sequencing experiment (gray). (B) Histograms compare
read length distribution for on-target (navy; N50 = 12.5 kb) versus off-target (red; N50 = 2.5 kb) alignments. Data are averaged over all ReadUntil experiments from the study (n=37).
(C) Violin plots show per-base coverage distributions within on-target regions (navy) versus randomly selected off-target genes (red) during ReadUntil sequencing of
HGO001 and HGOO2 reference samples, with data from whole-genome sequencing (WGS; gray) shown for comparison. (D) Scatterplot shows median coverage across on-target
regions, relative to the starting number of active pores (MuxTotal) on each ONT flow cell. Colors distinguish ReadUntil experiments run on an ONT GridION (green; NVIDIA
Quadro GV100 GPU; n=16) or a high-specification PC workstation (orange; NVIDIA 3090 GPU; n=22); see table S5 for full specifications. (E) Dot plots show the number of
alignments spanning STR sites (n=37) across all ONT ReadUntil experiments (n=37). Colors distinguish runs performed with LSK110 (navy) versus LSK109 (blue) library
preparation kit, high quality (MuxTotal > 1200 pores; yellow) versus low quality (MuxTotal < 1200 pores; pink), and GridION (green) versus MinlON-PC device (orange).
Data from runs with “optimum” parameters (LSK110 + MuxTotal > 1200 pores + MinlON-PC device; purple) yielded a median of 24 alignments spanning target STR sites.
4 March 2022
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We used the open-source software package Readfish (20) to exe-
cute targeted sequencing on 37 genomic DNA samples obtained
from reference catalogs or collected from consenting patients (table S3).
Genomic DNA was sheared to ~15- to 25-kb fragments before li-
brary preparation and sequenced on an ONT MinION flow cell (see
Methods). We observed a consistent reduction in read length for
off-target reads (N50 = 2.5 kb) compared to on-target reads (N50 =
12.5 kb), indicating successful rejection of fragments outside the
target regions (Fig. 1B). This resulted in a median 4.6-fold enrich-
ment in sequencing depth within target regions, yielding ~9 to 40x
median target coverage across the cohort (Fig. 1C and table S4).
Notably, ONT ReadUntil achieved similar coverage depth and even-
ness to whole-genome ONT sequencing of matched samples on a
high-output PromethION flow cell, performed at more than three
times the cost (Fig. 1C).

To determine optimum workflow settings, we evaluated the im-
pact of various parameters, including the choice of ONT library
preparation kit, flow cell quality, and the computer used to execute
ReadUntil (see Methods). This revealed (i) superior on/off-target
enrichment with LSK109 library prep chemistry but greater total
output and on-target coverage with LSK110 (fig. S1, A and B), (ii)
the initial number of live pores on a flow cell is an important de-
terminant of final target coverage achieved (Fig. 1D and fig. S1, C
and D), and (iii) shorter average read rejection time and improved
target coverage when running Readfish on a PC workstation, com-
pared to an ONT GridION device, thanks to its superior specifications
(Fig. 1D; fig. S1, E and F; and table S5). Across all sequencing exper-
iments with optimum workflow parameters (LSK110, MinION-PC,
>1200 pores), we obtained a median of 24 sequence alignments
spanning targeted STR sites (Fig. 1E), demonstrating that ONT
ReadUntil can be used to achieve effective targeted STR sequencing.

Validity and utility of programmable targeted
STR sequencing
To establish the validity and utility of our targeted nanopore se-
quencing assay, we analyzed a range of patient-derived reference DNA
samples and consenting patients with neurogenetic diseases (n = 25),
including HD (n = 5); FXS (n = 2); cerebellar ataxia, neuropathy,
and vestibular areflexia syndrome (CANVAS; n = 6); spinal and
bulbar muscular atrophy of Kennedy (SBMA; n = 1); myotonic dys-
trophy 1 (DM1; n = 5); neuronal intranuclear inclusion disease (NIID;
n = 1); Friedreich ataxia (FRDA; n = 2); ALS (n = 1); spinocerebellar
ataxia type 1 (SCAI; n = 1); and oculopharyngeal muscular dystro-
phy (OPMD; n = 1), as well as known premutation carriers (n = 6) and
unaffected individuals (n = 6). Samples were also subject to indepen-
dent molecular testing in accredited genetic pathology laboratories
or using standard approaches (see Methods). This allowed ONT se-
quencing data to be evaluated against the current best practices.
Huntington’s disease
HD is an autosomal dominant neurodegenerative disorder caused by
a polyglutamine STR expansion of >36 “CAG” motifs within the gene
HTT, with complete penetrance at >40 copies (21, 22). STR expansion
size is correlated with disease severity, as is the absence of characteristic
“CAA” interrupting motifs (also coding for glutamine) within expanded
alleles (23, 24). Genetic diagnosis of HD therefore requires accurate,
allele-specific STR sizing and internal sequence determination.
Targeted sequencing with ReadUntil yielded a median of 18 span-
ning alignments at the STR site in HTT exon 1 (fig. S2Ai). This was
sufficient to phase and assemble both STR alleles in every patient,
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identifying CAG repeats ranging from 12 to 74 copies across the
cohort (Fig. 2A and fig. S2Ai; see Methods). In all patients affected by
HD (n = 5), a single expanded STR allele was detected with length
in the known pathogenic range, whereas no pathogenic expansions
were detected in unaffected individuals (# = 32). The lengths of both
expanded and nonexpanded STR alleles determined by ONT se-
quencing were closely concordant with clinical testing (R* = 0.996;
Fig. 2B). A single CAA interruption was detected within both STR
alleles of all HD-affected and nonaffected individuals, with six of
the latter individuals harboring a double CAA interruption (Fig. 2A
and fig. S2Ai). Our assay also resolved the boundary between the
disease-associated CAG polyglutamine repeat and a “CCG” poly-
proline repeat located immediately downstream within HTT exonl,
which similarly varied in size across our cohort. While polymor-
phism in this adjacent repeat is not considered relevant to the HD
phenotype, it is an important technical variable that can confound
molecular assays for sizing the disease-associated STR (25).

HD-like syndromes may be caused by other STR genes that were
also included on our targeted sequencing panel (i.e., C9orf72, PRNP,
JPH3, TBP, ATXNS8, FXN, and ATNI) (3, 4). Parallel sequencing of
these genes showed that all HD-affected patients harbored STR al-
leles within healthy ranges (fig. S2). The capacity to rule out con-
founding or co-occurring STR expansions in these genes, without
the need for additional molecular tests, is a clear advantage of our
multigene assay.

Fragile X syndrome

FXS is the most common cause of inherited intellectual disability and
single-gene cause of autism spectrum disorder in males (26). FXS
is caused by large (>200) “CGG” STR expansions within the chrX-
linked gene FMR1 (27). Premutation alleles of 55 to 200 CGG re-
peats are also associated with late-onset fragile X-associated tremor/
ataxia syndrome in males and primary ovarian insufficiency in fe-
males (5). Interrupting “AGG” motifs are reported to stabilize STR
alleles to protect against full expansion (28, 29). DNA methylation
(5mC) is also implicated in the pathogenic mechanism of FMRI-
related disorders, with expanded alleles typically exhibiting pro-
moter hypermethylation and silencing of FMR1 (30, 31). Therefore,
complete genetic diagnosis of FMRI-related disorders requires DNA
methylation profiling, in addition to STR sizing and internal se-
quence determination.

At the STR site in the FMR1 5’ untranslated region (UTR; exon 1),
we obtained a median of 19 spanning alignments in females and 9 in
males or ~9 alignments per allele overall (fig. S2Bi). All alleles were
successfully assembled into CGG STRs ranging from 20 to 654 copies
across the cohort (Fig. 2A and fig. S2Bi). The length of both expanded
and nonexpanded alleles was closely concordant with clinical test-
ing (R* = 0.993; Fig. 2B). Results from ONT sequencing correctly
distinguished affected male individuals (n = 2) and a female carrier
(n =1) from unaffected individuals and distinguished premutation
alleles (n = 2) from full pathogenic STR expansions (Fig. 2A). With-
in both individuals that harbored a premutation allele, we detected
two protective AGG motif interruptions, and similar interruptions
were common across nonexpanded STR alleles in unaffected indi-
viduals (Fig. 2A and fig. S2Bi). Parallel sequencing of FMR2 (AFF2),
an STR expansion gene with partial phenotypic overlap to FMRI
(32), ruled out pathogenic expansions in all individuals (fig. S2Jii).

DNA methylation profiling revealed hypermethylation of the FMRI
promoter region in both FXS-affected males, who harbored full STR
expansions (CGGgs4 and CGGgos), with >75% median methylation
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frequencies among local CpG sites (Fig. 2C; see Methods). By con-
trast, promoter CpG methylation frequencies were low among
males with normal and premutation STR alleles (<25% median fre-
quency; Fig. 2C). Females also showed low methylation frequencies,
with the exception of the single premutation carrier (NA0695). In
this individual, we observed differential methylation between the
two FMRI haplotypes, with the premutation haplotype being pre-
dominantly methylated (CGGy73; 83% median frequency) but the
normal haplotype unmethylated (GCC,3; 0% median frequency; Fig. 2,
C and D). DNA hypermethylation in FMRI premutation alleles has
been reported previously, is correlated to STR repeat size, and may
account for variability in phenotypic expression in premutation car-
riers (33, 34). In contrast to FMRI, and in line with expectations, we
did not observe DNA hypermethylation in the promoter of HTT on
either expanded or nonexpanded STR alleles for any individuals, fur-
ther confirming the reliability of the analysis (Fig. 2C). The capacity
to obtain haplotype-resolved DNA methylation profiles, in addition
to STR size and interruption status, all in a single, simple assay is a
clear advantage of our approach.

Cerebellar ataxia, neuropathy, and vestibular areflexia syndrome
CANVAS is a neurodegenerative movement disorder shown recently
to be caused, in most cases, by large biallelic “AAGGG” STR expansions
in the gene RFCI (9, 35). Expanded STR alleles in RFCI are relatively
common and exist in several different motif conformations. The motifs
“AAAAGe;” and “AAAGG.y,” are considered nonpathogenic, regard-
less of size. In addition to the canonical pathogenic motif “AAGGGexp,”
arare “ACAGGy,” motif and mixed “AAAGG;9-2sAAGGGy,” con-
formation are both considered pathogenic, while the pathogenicity
of various other observed conformations is currently unknown
(9, 36, 37). The requirement to resolve very large STR expansions
with diverse motifs, in an allele-specific fashion, makes genetic
diagnosis of patients with CANVAS challenging, often yielding in-
conclusive results.

Targeted sequencing with ReadUntil obtained a median of 15 span-
ning alignments at the STR site within the second intron of RFCI.
Haplotype-resolved STR assembly revealed a variety of different
pentanucleotide repeats ranging in size from 8 to 1070 copies across
the cohort, with strong concordance to molecular testing by Southern
blot and/or RP-PCR (R* = 0.946; Figs. 3, A and B, and 4A). Large
biallelic STR expansions of the pathogenic motif (AAGGGyi0-1070)
were detected in five of six patients with CANVAS but not in unaf-
fected individuals (n = 21; Figs. 3A and 4A).

In the single remaining patient with CANVAS [R210005, previ-
ously reported as R19955 (38)], we detected a large (~5-kb) biallelic
expansion at the RFCI STR site. However, the pathogenic AAGGG
motif was found on only one allele, with the other harboring the
“AAAGG” motif that is currently considered nonpathogenic (Fig. 3A)
(9). Because the two alleles are equivalent in size and the pathogenic
motif is present, standard molecular testing suggested that this indi-
vidual had a biallelic pathogenic expansion (Fig. 3A). Because both
STR alleles are much greater than the read length of short-read NGS
platforms, analysis by clinical whole-genome sequencing was also in-
conclusive (Fig. 3C). In contrast, our assay readily distinguished the
two STR alleles, identifying distinct “AAGGGi19” and “AAAGGog”
conformations (Fig. 3, A and C). This highlights the utility of long-read
sequencing for profiling large, complex STRs. In addition, this finding
suggests potential pathogenicity of the RFCI AAAGG expansion at
large sizes, as opposed to the current assumption that this motif is
nonpathogenic, regardless of size (9).

Stevanovski et al., Sci. Adv. 8, eabm5386 (2022) 4 March 2022

SBMA, DM1, NIID, FRDA, ALS, SCA1, and OPMD

To further demonstrate the broad utility of our assay, we analyzed
patients affected with SBMA (n = 2), DM1 (n = 5), NIID (n = 1),
FRDA (n=2), ALS (n=1),SCA1 (n=1),and OPMD (n =1). In all
cases, we were able to correctly genotype the relevant STR (fig. S2,
CitoIi). Detailed description of the results pertaining to each disor-
der is provided in note S1.

In summary, the results described above demonstrate accurate,
haplotype-resolved sizing, sequence determination, and DNA methyl-
ation profiling of neuropathogenic STR loci using targeted ONT
sequencing. This establishes analytical validity for the genetic diag-
nosis of STR expansion disorders and highlights numerous advan-
tages to this approach.

Resolving STR diversity

STR sequences are highly polymorphic (1, 2), yet their true diversity
is likely underappreciated because of limitations in current geno-
typing methods (3, 4). Clinical interpretation relies on our ability to
distinguish pathogenic alleles from the diversity of STRs encoun-
tered in healthy individuals. By determining the size and sequence
of every allele of every disease-associated STR site in every individ-
ual tested, our targeted sequencing assay provides valuable data to
help define the genetic landscape of STRs in human populations.

We observed a diverse array of STR alleles across our cohort
(n=37), which are visualized in full for each gene in fig. S2 (Ai to Jii)
and summarized in Fig. 4A. The diversity of STR sizes among clinically
nonaffected individuals was most evident in the pentanucleotide-
repeat genes RFCI (8 to 324 copies), DABI (8 to 541 copies), BEAN1
(10 to 119 copies), SAMDI2 (13 to 113 copies), and STARD?7 (10 to
102 copies; Fig. 4, A and B). These genes also harbored multiple
unique STR motif conformations. For example, among 31 individ-
uals not affected by CANVAS, we identified three carriers of patho-
genic AAGGG STR alleles in RFCI (<400 copies) and five carriers of
noncanonical motifs “ACGGG,” “AAGAG,” and “AAAGGG” that
are of unknown pathogenicity. The remaining individuals had non-
pathogenic AAAGG and “AAAAG” alleles (Fig. 4B).

Other recently found pentanucleotide-repeat genes showed sim-
ilar polymorphism. An “ATTTT” STR site within STARD7 was re-
cently linked to familial adult myoclonus epilepsy 2 (FAME2), with
affected individuals harboring inserted “ATTTC” or “AAATG” mo-
tifs (39). While we did not genotype any patients with FAME2, we
observed novel “AAACT” (n=4), “AACAT” (n=4),and “AAAAC”
(n =1) STARD? alleles in our cohort (fig. S2Ji). Spinocerebellar
ataxia 31 (SCA31) is caused by insertion of “TGGAA” motifs imme-
diately upstream from a “TAAAA” STR in BEANI (40). It has been
reported that, in a Japanese population, >99% of healthy individuals
have a “TAAAAg 5, allele at this site (41), although other motifs
have been observed. Unexpectedly, of 37 individuals in our cohort,
only 26 harbored two “normal” (TAAAAg_5) alleles. Of the remain-
ing individuals, seven harbored expanded TAAAA alleles (>20 copies),
and two had expanded alleles of predominantly AAACT and AACAT
motifs (fig. S2Ki). The allelic diversity of these genes was in contrast to
other pentanucleotide-repeat genes ATXN10, MARCHF6, RAPGEF2,
and TNRC6A, where STR alleles were largely uniform in size and
sequence across the cohort (Fig. 4A and fig. S2).

Our analysis also revealed consistent detection of internal STR
motif interruptions (fig. S2 and table S6). In addition to “AAG” in-
terruptions in FMRI and CAA interruptions in HTT (discussed
above), we detected known “CAT” interruptions in ATXNI, CAA
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Fig. 3. Haplotype-resolved assembly of pathogenic STR site RFC1. (A) Line plots show nucleotide content (top) and density of pentanucleotide STR motifs (bottom)
enumerated in a 50-bp sliding window across assembled STR alleles (including 1-kb up/downstream flanking sequences). Data are shown for three consenting individu-
als that were subjected to clinical testing for STR expansions in RFC1. Relevant molecular testing data (RP-PCR or Southern blot) are shown for each individual (see table
S3). Asterisks indicate CANVAS-affected patients, triangles show the position of the left border of assembled STRs, and circular markers show the expected length of STR
alleles, as determined by clinical testing. (B) Scatterplot shows lengths of pentanucleotide STR alleles in RFCT in consenting individuals (n =5), as determined by ONT se-
quencing versus molecular testing. (C) For patient R210005, genome browser views show short-read NGS alignments (top) at the pathogenic STR site in RFC1. The pres-
ence of soft-clipped bases suggests that an STR expansion is present, but the size, sequence, and allelicity cannot be directly determined. Bottom panel shows phased
ONT alignments from the same sample. Long reads directly measure the STR expansion size and reveal distinct motif conformations on the two RFCT alleles.
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Fig. 4. Diversity of STR alleles across the study. (A) Dot plot shows observed sizes of STR alleles for each gene (n =37) in all individuals assessed during
our study (n =37). Gray boxes mark expected size ranges for normal, premutation, and pathogenic STR alleles for each gene, where known. Filled circles
indicate pathogenic alleles confirmed by clinical molecular testing, and empty circles were confirmed as nonpathogenic or were not tested. Full results for
each individual gene are provided in fig. S2. (B) Motif barcharts show observed sizes and motif conformations of STR alleles assembled for the RFC1 gene
in each individual (n = 37). Red frame identifies CANVAS-affected patients, where large STR expansions in RFC1 were detected by clinical testing and

ONT sequencing.

interruptions in ATXN2, and CAA interruptions in ATXN3 (fig. S2,
Hi, Cii, and Dii). We also detected motif interruptions in several other
genes, including ATXN10 (“ATTGT” interruptions; n = 8), TBP (CAA
interruptions; n = 37), CNBP (“GCTG/TCTG/GGCT” interruptions;

Stevanovski et al., Sci. Adv. 8, eabm5386 (2022) 4 March 2022

n = 37), NOTCH2NLC (“GGA” interruptions; n = 37), and AR
(CAA; n=1;fig. S2).

While our study does not encompass a sufficiently large and un-
biased cohort to draw general conclusions, it is clear that targeted
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long-read sequencing will help to describe a currently underappre-
ciated diversity of STR alleles and likely redefine the features of
nonpathogenic alleles for several genes. Moreover, it will facilitate
more detailed investigation of genotype-phenotype correlations
and potential disease modifiers of pathogenic repeat expansion al-
leles, such as interruptions.

Informative secondary targets: Pharmacogenomic genes

In addition to disease-associated STR genes, our ReadUntil se-
quencing panel included a range of other targets that may provide
further clinical insights (see table S2). Because target selection is
programmable, such secondary targets come at no additional cost
and can be flexibly included/excluded on an individual basis. As an
example, we analyzed 28 pharmacogenomic (PGx) genes included
in the panel (table S2). PGx genotyping can anticipate an individual’s
capacity to metabolize specific drugs and prevent adverse drug
reactions (42).

Many PGx genes, including the prototypical example CYP2D6
(Fig. 5A), are highly polymorphic and frequently harbor structural
variation and have close homologs, making them difficult to genotype
using standard molecular techniques or short-read NGS (42, 43).
Despite their complex architectures, ReadUntil targeted enrichment
was effective within PGx genes, achieving a median 25x coverage
depth (Fig. 5B). Notably, the breadth and evenness of coverage by
unique ONT sequencing alignments in PGx genes were superior
to those of whole-genome short-read NGS on matched samples (Fig. 5,
B and C). This is best illustrated at the CYP2D6 locus, where ONT
ReadUntil achieved complete coverage and phasing of CYP2D6 and its
neighboring pseudogene CYP2D?7, unlike short-read NGS (Fig. 5A).
This emphasizes the advantages of long-read sequencing at com-
plex genomic loci.

We analyzed the reference human DNA samples HG001 and
HG002 (NA12878 and NA24385) and compared the results to high-
confidence annotations from the Genome in a Bottle (GIAB) project
to evaluate variant detection within PGx loci (see Methods). After
parameter optimization with the software Nanopolish (44), we observed
accurate detection for SNVs (Single Nucleotide Variants) within PGx
regions on both samples (sensitivity, 95 and 97%; precision, 96 and
989%; Fig. 5, D and E). However, the high frequency of insertion-deletion
(indel) errors in ONT reads meant that indel variants could not be
reliably detected (sensitivity, 36 and 56%; precision, 56 and 58%;
Fig. 5, D and E). Similar performance was also observed within STR genes
and other inherited disease genes on our ReadUntil panel (table S7).

In HGOO01 and HGO002, respectively, we detected 40 and 43 anno-
tated PharmVar SNVs in key PGx genes CYP2B6, CYP2C9, CYP2CI9,
CYP2D6, and DPYD, several of which show evidence of PGx pheno-
types (45). In HGO001, for example, we identified a single SNV (c.681G>A)
in CYP2C19 that is known to introduce an aberrant splice-acceptor
site and truncation of the canonical open reading frame (Fig. 5F) (46).
This allele (CYP2C19*2) affects the metabolism of multiple medications
and is associated with toxicity for the common antidepressants
citalopram and escitalopram (level 1A evidence) (47). Given that prescrip-
tion of antidepressants to patients with repeat expansion disorders
such as HD is relatively common (48), this example demonstrates
the potential utility of parallel PGx genotyping in patients with STR.
While this is not the primary purpose of our targeted sequencing
assay, secondary findings of this nature may better inform patient
care at no extra cost, underscoring the appealing flexibility of pro-
grammable sequencing with ONT ReadUntil.

Stevanovski et al., Sci. Adv. 8, eabm5386 (2022) 4 March 2022

DISCUSSION

This study demonstrates the validity and utility of programmable tar-
geted nanopore sequencing for the genetic diagnosis of STR expansion
disorders. Unlike existing single-gene molecular techniques, our ap-
proach enabled unbiased sizing and sequence determination of all
known neuropathogenic STR sites in a single targeted assay. Haplotype-
resolved assembly of ONT reads was used to solve large and com-
plex STR expansions, such as those described in RFCI, that eluded
characterization by standard molecular testing and short-read NGS.
Moreover, we identified motif interruptions within STR sequences
and local DNA methylation profiles that further inform pathoge-
nicity. ReadUntil achieves similar on-target coverage on a handheld
MinION device to whole-genome nanopore sequencing on a bench-
top PromethION, delivering a >3-fold price reduction per sample in
addition to reduced capital costs, data storage, and computational
requirements. Given these capabilities, we propose that targeted
sequencing with ONT ReadUntil (19, 20) can address the pressing
need for improved methods for molecular characterization of STR
expansions.

Our multigene assay has the additional benefit of informing con-
senting patients of carrier status for pathogenic expansions not asso-
ciated with their primary diagnosis (e.g., RFC1 AAGGG pathogenic
expansion in the DM1 patient NA23265). The use of long-read se-
quencing also enables the detection and phasing of heterozygous
SNVs nearby pathogenic STR sites. Phased SNV are useful genetic
markers that distinguish pathogenic and nonpathogenic haplotypes
during family genetic studies or preimplantation genetic diagnosis
(49), further supporting the utility of our assay.

ONT ReadUntil permits the flexible inclusion of virtually any ad-
ditional secondary targets for genetic analysis. In this study, targeted
sequencing of 28 PGx genes identified clinically actionable PGx al-
leles that may be used to guide personalized selection of medica-
tions. Unlike a traditional targeted sequencing panel, these targets
can be included/excluded from a given assay at the clinician’s dis-
cretion or based on individual patient consent. The value of such
secondary targets, which come at no extra cost, will continue to in-
crease with ongoing improvement in nanopore sequencing accuracy
(50), particularly if this enables reliable detection of indel variants
that was beyond current capabilities.

Further optimizations to improve ReadUntil performance would
also be desirable, given that the relatively modest ~5-fold median on-
target coverage enrichment observed here is only sufficient to en-
able accurate STR profiling on a single patient sample per MinION flow
cell. Our benchmarking experiments indicate that the ReadUntil
rejection time is influenced by the available computer hardware and
that this is a key variable in determining the overall assay perform-
ance. We anticipate that further engineering to reduce latency in
the Readfish/ReadUntil software will deliver improved on-target
enrichment and target coverage in the future.

While the potential benefits for genetic diagnosis of patients with
STR expansion disorders are clear, targeted STR sequencing will be
similarly useful as a research tool. STRs are highly polymorphic and
exhibit pathogenicity through an array of different mechanisms.
Much remains to be learned about the basic biology of STR expan-
sion disorders and the distinction between a benign and pathogenic
allele, particularly for recently described STR disease genes like RFC]
(9), GIPCI (51), LRP12 (52), NOTCH2NLC (14, 52), and VWAL (10).
By resolving the full diversity of STR sizes and motif conformations
in clinically affected and nonaffected individuals, our targeted ONT
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Fig. 5. Targeted ONT sequencing of PGx genes. (A) Genome browser view shows coverage distribution for uniquely aligned reads (MapQ > 30) at the CYP2D6 gene and
neighboring pseudogene CYP2D7. The top track shows data for short-read whole-genome sequencing (lllumina NovaSeq) of the human reference sample HG001/
NA12878 (see table S3). The bottom track shows coverage and phased alignments for ONT ReadUntil targeted sequencing on the same sample. (B) Violin plots show
coverage distribution across PGx gene targets (n = 37) with short-read NGS (left) and targeted ONT sequencing (right). For each technology, both raw alignment coverage
and unique alignments (MapQ > 30) are shown. (C) For the same datasets, stacked barcharts show the fraction of PGx target regions covered at different sequencing
depths (red, 0 to 9x%; yellow, 10 to 19x; pink, 20 to 29x; and purple, >30x). (D) Precision-recall curves show the accuracy of variant detection within PGx gene targets for
SNVs (left; pink) and indels (right; orange) using ONT ReadUntil on reference sample HG002. Precision-recall curves were used to determine optimum Nanopolish param-
eter settings. (E) Summary table showing final variant detection statistics within PGx targets. While indel accuracy is poor, SNVs were detected with relatively high sensi-
tivity and precision. (F) Genome browser view showing an example of a clinically actionable PGx allele (CYP2C19*2) detected using ONT ReadUntil in HG0O1.
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sequencing assay may be applied to better define pathogenic bound-
aries and investigate the role of phenotypic modifiers, such as inter-
nal STR interruptions. For example, in our relatively small cohort,
we observed several previously unknown STR alleles in genes such
as STARD?7 and BEAN], the physiological relevance of which is cur-
rently unknown. We anticipate that elucidation of the full comple-
ment of STR expansion size, motif, and interruptions in health
and disease will reveal previously unknown genotype-phenotype
correlations, enabling better understanding of the pathomechanisms
and facilitating rationale treatment design.

Haplotype-resolved DNA methylation profiling of STR expan-
sion genes by ONT sequencing will also shed light on their epi-
genetic regulation and potential roles in pathogenic mechanisms.
DNA methylation has been extensively studied in males with FXS,
wherein expanded CGG STR alleles trigger hypermethylation of the
FMRI promoter, resulting in gene silencing (30, 31). Consistent with
this, we observed promoter hypermethylation in FXS-affected males.
Furthermore, we identified haplotype-specific hypermethylation of
the FMR1 promoter in one female who was a FXS premutation car-
rier. While previously observed, the significance of DNA methyla-
tion in premutation carriers is not fully understood (33, 34) and can
only be detected using haplotype-aware methodologies, such as
ONT sequencing. DNA hypermethylation has also been described
in some carriers of pathogenic STR expansions in C9orf72; however,
the association between methylation status, repeat size, and clinical
phenotype is not clear (53), warranting further interrogation with
improved molecular tools. Little is known about the epigenetic reg-
ulation of most other genes on our targeted sequencing panel, high-
lighting the need for further investigation, with ONT sequencing
being a powerful tool for this purpose.

Last, by resolving STR expansions that are not amenable to exist-
ing techniques, long-read sequencing promises to accelerate the
discovery of repeat expansion genes and disorders (3, 4). While tar-
geted sequencing is not suitable for the discovery of genes with no
prior evidence, the flexible nature of ReadUntil sequencing is ideal
for profiling tens/hundreds of candidate genes/regions, such as those
identified by linkage mapping in affected families (14, 16, 54). More-
over, repeat expansions need not be the only pathogenic variants
found by this approach, with targeted long-read sequencing also
suitable for the detection of other types of structural variation (55).
We anticipate that this will be a powerful approach to STR gene dis-
covery and provide molecular diagnoses for many previously unsolved
cases in the future.

METHODS
Sample collection, processing, and molecular testing
Patient-derived genomic DNA reference samples (NA* and CD* pre-
fixes) and accompanying clinical notes were obtained from Coriell
Institute (www.coriell.org/). Molecular testing results were avail-
able for STR expansions, as relevant for each individual’s phenotype
and/or family history. Upon receiving, genomic DNA was resus-
pended in nuclease-free water at ~100 ng/ul and stored at —20°C.
Patients consulting at neurology clinics in New South Wales
(NSW) were consented for genomic analysis by nanopore sequencing
under St Vincent’s Hospital Human Research Ethics Committee pro-
tocol 2019/ETH12538. Patients in Western Australia (WA) were con-
sented under Human Research Ethics Committee of the University of
Western Australia protocol 2019/RA/4/20/1008. Deidentified patient

Stevanovski et al., Sci. Adv. 8, eabm5386 (2022) 4 March 2022

samples were subjected to diagnostic testing in certified clinical lab-
oratories, according to current clinical practice, and molecular test
data were provided for this study. STR sites in RFC1 (for patients
with CANVAS), NOTCH2NLC (for NIID), FXN (for FRDA), and AR
(for SBMA) were tested by RP-PCR, and large expansions in RFCI,
DMPK, and FXN were further analyzed by Southern blot to deter-
mine STR sizes. High-molecular weight (HMW) genomic DNA
was extracted from patient blood samples using the Qiagen Gentra
PureGene Blood Kit (NSW) or the QIAsymphony DSP DNA Midi
Kit (WA) and suspended in nuclease-free water. Deidentified sam-
ples were transferred to the Kinghorn Centre for Clinical Genomics
for nanopore sequencing analysis. Full sample descriptions are pro-
vided in table S3.

ONT library preparation and sequencing

Before ONT library preparations, the DNA was sheared to ~15-kb
fragment size using Covaris G-tubes and visualized, after shearing,
on an Agilent TapeStation. Nanopore sequencing libraries were pre-
pared from ~1.5 to 5 ug of HMW DNA, using native library prep
kits (SQK-LSK109 or SQK-LSK110), according to the manufacturer’s
instructions. Each sample was loaded onto an ONT MinION flow
cell (R9.4.1) and sequenced on either an ONT GridION or ONT
MinION device with live target selection/rejection executed by the
Readfish software package (see below) (20). Samples were run for a
maximum duration of 72 hours, with nuclease flushes and library
reloading performed at approximately 24- and 48-hour time points
to maximize sequencing yield.

Programmable target selection

Targeted sequencing was performed using the open-source soft-
ware package Readfish (20) that internally uses the ONT ReadUntil
API for live rejection of off-target sequencing fragments. The tar-
gets used in this study were whole gene loci £50 kb of flanking ge-
nome sequence to ensure coverage of promoter and UTR regions
and other local regulatory elements. Our targeted sequencing panel
included genes containing pathogenic STR sites associated with
neurological disease (n = 37; see table S1), as well as other potentially
informative targets, such as PGx genes exhibiting genotype-drug rela-
tionships designated as clinically actionable by the Clinical Pharmaco-
genetics Implementation Consortium (n = 28) and genes harboring
clinically actionable Mendelian mutations, as designated by the
American College of Medical Genetics (n = 59). A full description
of ReadUntil targets is provided in table S2.

We Installed Readfish version 0.0.5al inside a Python virtual en-
vironment (with system default Python version given in table S5)
using pypi. When the study was commenced, this Readfish version
(0.0.5a1) was the version that supported the available MinKNOW-
core and Guppy versions (major version 4). However, the depen-
dencies (ont-pyguppy-client-lib and pyguppyclient) installed with
Readfish v0.0.5a1 by default were incompatible with the Guppy versions
on our machines. That is, the support for the NVIDIA 3090 GPU
(Graphics Processing Unit) card on our workstation was only introduced
in Guppy v4.2.2, and we did not want to interfere with the Guppy v4.2.3
already installed on the GridION. Therefore, we manually installed
ont-pyguppy-client-lib and pyguppyclient (versions in table S5) with
minor source code changes to accommodate the Guppy versions.

We created a new minKNOW configuration profile under /opt/
ont/minknow/conf/package/sequencing/sequencing_ MIN106_
DNA_readfish_real.toml with equivalent configuration values except
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that the value for the break_reads_after_seconds attribute was
changed from 1.0 to 0.4, as instructed in the Readfish documenta-
tion. The reference index for Readfish was created using minimap2
(56) with -x map-ont profile using the hg38 genome with alternate
contigs excluded. Experiments run for this study use the high Guppy
accuracy base-call configuration. Readfish parameters were config-
ured such that (i) if the query sequence aligns to one or more loca-
tions within the target genome regions, then sequencing proceeds
with no further checking (single_on = “stop_receiving,” multi_on =
“stop_receiving”); (ii) if the query sequence aligns to one or more
regions not in the desired list, then the read is rejected by ReadUntil
(single_off = “unblock,” multi_off = “unblock”); and (iii) if the base-
called sequence is unavailable or if the query sequence is unmappa-
ble, then the sequence continues, and the read is rechecked in the
subsequent round (no_seq = “proceed,” no_map = “proceed”).

Haplotype-resolved assembly and methylation profiling

of STR sites

Raw ONT sequencing data were base-called using Guppy (4.4.1),
and reads with mean quality < 7 were excluded from further analysis.
Resulting FASTQ files were aligned to the hg38 reference genome
using minimap?2 (v2.14-r883) (56).

To analyze STR sites, we retrieved all alignments within a 50-kb
window centered on a given STR site. These were converted back to
FASTQ format, assembled de novo using Flye (v2.8.1-b1676) (57),
and polished using Racon (v1.4.0) (58) to generate a pseudo-haploid
contig encompassing the STR region. Starting reads were realigned
to this contig and then assigned to separate alleles/haplotypes via
each of three methods: (i) phasing by consideration of heterozygous
SNVs within the STR region using Longshot (v0.4.1) (59), (ii) phas-
ing by consideration of heterozygous SVs (Structural Variants) at the
STR site with respect to the assembled contig using Sniffles (v1.0.9)
(60), and (iii) a custom all-versus-all pairwise sequence alignment
and similarity clustering method that identifies allelic differences in
STR size and sequence, based on read clustering, with no prior infor-
mation. After phasing, the initial assembled contig was repolished sepa-
rately with reads from either allele/haplotype using Racon (v1.4.0)
(58), yielding two haploid contigs encompassing the STR site. The
position of the relevant STR site was identified in each contig by map-
ping 150-bp unique flanking sequences (extracted from hg38) using
minimap2 (2.14-r883) (56). STR size, motif, and summary statis-
tics were retrieved using Tandem Repeat Finder (4.09) (61), fol-
lowed by manual inspection and motif counting. This process was
performed separately for each STR site in each individual sample.

For DNA methylation analysis, FASTS5 files containing ONT
signal data were converted to compressed binary SLOW5 format (62)
using slow5tools (https://github.com/hasindu2008/slow5tools). DNA
methylation calling was run on all on-target alignments (with respect to
hg38) using F5C call-methylation (v0.6) (63), which is a GPU-accelerated
version of the popular Nanopolish software package (44). Meth-calling
results were retrieved for all phased reads at each STR site (see
above) based on read IDs, and methylation frequencies were com-
puted separately for each allele/haplotype, as well as for total un-
phased reads, using the F5C meth-freq. When enumerating the
local methylation status of a given STR site, we considered all CpGs
within 1500 bp with at least five meth-called reads on each allele/
haplotype. Methylation frequency profiles were converted to bigwig
format for visualization in IGV, using kentutils (https://github.
com/ENCODE-DCC/kentUtils).
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Genotyping PGx genes

Raw ONT sequencing data were base-called using Guppy (v4.4.1),
and reads with mean quality < 7 were excluded from further analysis.
Resulting FASTQ files were aligned to the hg38 reference genome
using minimap2 (v2.14-r883) (56) and filtered for unique alignments
(MapQ = 30). Variant calling within PGx regions (n = 28) was per-
formed using Nanopolish (v0.13.2) (44), with candidate variants
requiring a minimum read depth of 5 (-d 5). We compared the re-
sulting variant candidates detected in HG001 (NA12878) and HG002
(NA24385) to high-confidence variant annotations available for
these samples from the GIAB project. The comparisons were made
with the RTG tools vcfeval utility (v3.11) with the --squash-ploidy
parameter selected. Precision-recall curves created by RTG tools
were used to determine optimum variant filtering parameters of
QUAL > 30 and BCRV = 5. Performance summary statistics were
calculated after applying these filters, using the following definitions

Sensitivity = true positives/(true positives + false negatives)

Precision = true positives/(true positives + false positives)

To identify actionable PGx variants, we queried filtered variant
candidates against PharmVar variant annotations (45).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm5386

View/request a protocol for this paper from Bio-protocol.
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