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We develop MASTR-seq for multiplexed analysis of short
tandem repeats
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MASTR-seq allows for pooling of up to 8-12 samples in one
Nanopore MinlON flow cell
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In brief

Su et al. present MASTR-seq, a cost-
effective, high-throughput method for
precisely measuring short tandem repeat
tract length and DNA methylation at a pre-
defined locus at single-molecule
resolution using nanopore sequencing.
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MOTIVATION Short tandem repeat (STR) tracts and DNA methylation are associated with clinical pheno-
types and can exhibit cell-type-specific mosaicism in several repeat expansion disorders. However, accurate
genotyping of intractable repetitive sequences has thus far been limited by several technical challenges.
Here, we present MASTR-seq, a Cas9-mediated, size-selection-based, PCR-free long-read sequencing
method for cost-effective, high-throughput, and accurate measurement of STR genotype and DNA methyl-
ation on a single allele.

SUMMARY

More than 60 human disorders are caused by unstable expansion of short tandem repeat (STR) tracts. These
can exhibit cell-type-specific mosaicism in several repeat expansion disorders and remain difficult to char-
acterize due to technical challenges intrinsic to highly repetitive sequences. Long-read approaches can
measure STR length and DNA methylation on the same single molecule but are low-throughput and cost-
prohibitive across multiple experimental conditions or patient samples. Here, we present MASTR-seq,
multiplexed analysis of short tandem repeats with sequencing, for cost-effective, high-throughput, accurate
measurement of STR genotype and DNA methylation at single-allele resolution. MASTR-seq couples long-
read sequencing, Cas9-mediated target enrichment, size selection, and PCR-free multiplexed barcoding
to increase on-target read proportion for 8-12 pooled samples in a single MinlON flow cell. MASTR-seq
quantifies tract length and DNA methylation status for CGG, GGGGCC (G4C2), and CAG STR tracts in
normal-length and mutation-length samples.

INTRODUCTION amplicon length. Second, short-read sequencing fails to span
ML STRs in many cases, thus prohibiting direct measurement

More than 60 human diseases have been linked to the muta-  of the DNA sequence and underestimating the degree of mosa-

tion-length (ML) expansion of short tandem repeat (STR)
tracts.”® Accurate genotyping of intractable repetitive se-
quences has thus far been limited by several technical chal-
lenges.”® First, tandem repeat DNA sequences slip during

icism of STR expansion in disease. Third, challenges arise in
computational methods to map short reads over repeat re-
gions, and they are often removed for downstream anal-
ysis.”?'° Thus, there is a need for technology advances that

PCR ampilification, resulting in technical biases in quantifying allow for accurate and cost-effective approaches for
P Cell Reports Methods 6, 101341, March 23, 2026 © 2026 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Schematic of MASTR-seq procedure
Day 1: (Step 1) Samples are dissociated to single-cell suspension, and cells are lysed. RNA and protein are digested by RNase A and proteinase K, respectively.
DNA is subsequently purified by commercial HMW gDNA extraction kit or phenol:chloroform:isoamyl alcohol (PCIA, 25:24:1)-based method. (Step 2) HMW

genomic DNA quality control assays are performed using Nanodrop for DNA quality, Qubit for quantifying DNA concentration, and gel electrophoresis for DNA
integrity.

(legend continued on next page)
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sequencing STR tracts in patient-derived samples with un-
known genotypes.

Long-read sequencing provides a significant technical
advance to overcome the challenges prohibiting direct genotyp-
ing of large copy-number variations in the repetitive genome.
Whole-genome long-read sequencing was used for the accurate
assembly of telomere-to-telomere reference genome maps from
haploid and diploid cell lines.”'~"® It has also been effectively
applied to accurately genotype a range of repetitive sequences,
including STR tracts, short interspersed nuclear elements
(SINEs), long interspersed nuclear elements (LINEs), centro-
meres, pericentromeric regions, and telomeres.'®" However,
for studies focused on genotyping a specific locus across a num-
ber of conditions, genome-wide long-read sequencing suffers
from low sample throughput, low on-target coverage, and the
prohibitively high financial burden to achieve the locus-specific
read coverage required to accurately measure STR mo-
saics. 9?32 Approaches to capture a predetermined target lo-
cus and sequence with long reads have been effectively used
to genotype structural variants, STR tracts, and other repetitive
elements.'%?"?%33-42 However, current targeted long-read
sequencing methods remain limited by low sample throughput,
high background reads, and prohibitive cost.

Recently, multiple strategies to reduce background reads in
targeting approaches have been proposed. Molecular ap-
proaches include exonuclease digestion, probe-based on-target
fragment enrichment, or affinity-based removal of Cas9-bound
non-target DNA.39%0%3%° Real-time enrichment methods to
circumvent a reagent-based molecular targeting step have
also been developed, including Read Until,***®* UNCALLED,*°
and ReadFish.>® Undesired DNA molecules are removed from
the pore by reversing the current in the channel, thus allowing
only targeted DNA molecules to be fully sequenced without addi-
tional specialized reagents.*®™>° Such approaches allow for 10—
40x on-target read coverage but remain limited by the capacity
to multiplex samples. Addressing limitations in multiplexed sam-
ple throughput, read accuracy, and low signal-to-noise read
specificity would provide a high-throughput, multi-modal, on-
target long-read enrichment method to accurately measure
STR tract length and DNA methylation across multiple samples
at single-allele resolution.

To address the above limitations, methods based on targeted
Cas9-mediated capture of DNA sequences coupled with
long-read sequencing have been proposed.'®:?!:29:33-42.51.52
Early protocols showed proof of concept, yet readily adaptable
detailed methods for ease and rigor of reproducibility and
adaptability of the method for the customized purposes of indi-
vidual laboratories are not available. Here, we developed
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MASTR-seq—multiplexed analysis of short tandem repeats
with sequencing—as a Cas9-mediated, size-selection-based,
PCR-free long-read sequencing method for multi-modal mea-
surement of STR tract genotype and DNA methylation on the
same single allele. MASTR-seq aims to minimize genomic back-
ground while preserving the integrity of on-target genomic frag-
ments. Upon Cas9-mediated target enrichment with multiple
guide RNAs,** we add a fragment size selection step and multi-
plexed PCR-free barcoding to increase the proportion of accu-
rate on-target reads spanning the full ML STR, thus enabling
the pooling and long-read sequencing of 8-12 independent sam-
ples in parallel. Our freely available MASTR-seq molecular proto-
col and code provides access to improvements in sample
throughput, on-target read proportion, cost, and adaptability to
custom loci that are currently not available in the literature or
company Kkits.

OVERVIEW OF MASTR-SEQ

MASTR-seq is an increased sample throughput, on-target nano-
pore long-read sequencing method designed for simultaneous
measurement of repeat genotype and DNA methylation in the
same single allele. MASTR-seq is particularly useful for loci con-
taining intractable ML STRs in complex mosaic-patient-derived
cell lines and samples. The protocol involves five major stages
(Figure 1):

(Day 1) High-molecular-weight (HMW) genomic DNA (gDNA)
preparation; a minimum of 15 pg HMW gDNA is rec-
ommended.

(Day 2) Cas9-mediated target DNA cleavage and dA tailing

(Day 2-3) Target DNA fragment size selection

(Day 4) Library preparation via barcoding and adapter liga-
tion

(Day 4-6) Sequencing and data analysis.

(Day 1) HMW gDNA preparation

1. Sample preparation: cells are harvested using line-spe-
cific single-cell dissociation reagents.

2. Cell counting normalization: cell numbers are determined
using an automated Countess system or manual counting
with a hemocytometer.

3. HMW gDNA extraction: HMW gDNA can be rapidly
extracted using the Monarch HMW DNA Extraction Kit
(1-2 h). Alternatively, use phenol:chloroform:isoamyl
alcohol (PCIA, 25:24:1) extraction followed by ethanol pre-
cipitation (5-6 h).

Day 2: crRNA/tracrRNA annealing and Cas9 RNP assembling are completed (not shown in this schematic) before (step 3) HMW DNA dephosphorylation, (step 4)
Cas9-mediated RNP cleavage, and (step 5) dA-tailing. (Step 6) The quality of Cas9-mediated RNP cleavage efficiency is assessed by PCR amplification of the
target region using flanking primers. (Step 7) Cas9-RNP-cleaved products are purified from salts using sodium acetate-ethanol precipitation.

Days 2-3: (step 8) target DNA fragments are precisely size-selected using BluePippin.

Day 4: (step 9) samples are barcoded in a PCR-free manner and pooled for multiplexing using nanopore native barcodes. (Step 10) Adapters are ligated onto the

multiplexed DNA.

Days 4-6: (step 11) DNA is loaded onto the Nanopore flow cell and sequenced for 48 h (Step 12) Raw data are processed by basecalling, aligning and de-
multiplexing sequentially using Dorado. Custom computational tools are employed for the analyses of single-allele DNA methylation and STR tract length.

See also Table S4.
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4. HMW gDNA quality control (QC) assay: DNA quality and
concentration are assessed using Nanodrop and Qubit,
and DNA integrity is verified using a 0.5% agarose gel.

(Day 2) Cas9-mediated target DNA cleavage and dA
tailing

1. CRISPR RNA (crRNA) annealing: equimolar crRNAs and
trans-activating crRNA (tracrRNA) are pooled and an-
nealed in a 1:1 molar ratio.

2. Cas9 and crBRNA complex formation: annealed crRBNAs
and tracrRNA (1:1) are assembled with Cas9 to form
Cas9 ribonucleoprotein (RNP) complexes.

3. HMW genomic DNA dephosphorylation: NEB Quick calf
intestinal alkaline phosphatase (CIP) is used to dephos-
phorylate DNA.

4. Cas9 cleavage and dA-tailing: Cas9 RNP complex cleaves
dephosphorylated DNA, followed by Tag-polymerase-
mediated dA tailing to the 3’ end of dephosphorylated
DNA.

5. Cas9-mediated cleavage quality control check: a PCR re-
action is performed to confirm Cas9 RNP cleavage effi-
ciency using target flanking primers.

6. DNA purification: Cas9-RNP-digested products are
precipitated using ethanol. Precipitated DNA is washed
with 75% ethanol and rehydrated in 10 mM Tris-HCI
(pH 8.0).

(Day 2-3) Target DNA fragment size selection
1. BluePippin is utilized for size selection to remove un-
cleaved or non-target size DNA fragments.

(Day 4) Library preparation via multiplexed barcoding
1. Multiplexed barcoding: samples are multiplexed via PCR-
free ligation of nanopore barcodes.
2. Adapter ligation: adapters are ligated to the barcoded
samples.

(Day 4-6) Sequencing and data analysis

1. Loading library: library DNA is mixed with sequencing
buffers and loading beads.

2. Sequencing: nanopore sequencing is set up on the lab-
installed MinKnow platform.

3. Basecalling: Dorado (v.0.7.3) in SUP mode is used for
basecalling to convert raw electrical signals to quality
sequencing reads in.fastq format.

4. Alignment: minimap2 is used for mapping demultiplexed
reads to the reference genome.

5. Demultiplexing: Dorado (v.0.7.3) demux mode is used for
demultiplexing reads into unique sample.

6. Visualization: customized computational tools are em-
ployed for the visualization of STR genotype and DNA
methylation.

Experimental design

crRNA design

We used the CHOPCHOP tool to design distinct crRNAs target-
ing sequences flanking the target locus (Figure S1). The param-
eters used were In: GRCh38, Target: FMR1 or HTT genomic

4 Cell Reports Methods 6, 101341, March 23, 2026
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coordinates, For: nanopore enrichment, Using: CRISPR/Cas9.
To increase on-target coverage, we designed at least two
crRNAs upstream and downstream of the targets as reported
previously.®>* We refined the selection of candidate crRNAs
based on several parameters: cleavage location, (+) strand
crRBNAs for the region upstream of the locus, (—) strand crRNAs
for the region downstream of the locus, 40%-80% GC content,
self-complementary = 0, mismatches (MMO = 0; MM1 = 0;
MM2<2), and cleavage efficiency>50. Cleavage efficiency is
computed by the CHOPCHOP tool (https://chopchop.cbu.uib.
no/instructions) using the option “Doench et al. 2016 — only for
NGG PAM,” and alternate equations are available.”>** For
cleavage location, we recommend a minimal 500 bp of flanking
sequence on either side of the target STR region. For repetitive
regions of low complexity, the flanking sequence is essential
for downstream on-target reads alignment and STR counting.
Final crRNA DNA sequences were synthesized by Integrated
DNA Technologies, and the sequences are provided in Table S1.
Samples. MASTR-seq is illustrated here using data generated
in patient-derived human induced pluripotent stem cells
(hiPSCs), human embryonic stem cells (hESCs), and patient-
derived brain tissues. It is adaptable to diverse cell types or tis-
sues as long as high enough input can be obtained. The culture
medium formulation, seeding density, growth and passage con-
ditions, and cell or tissue dissociation methods will be specific to
the cell type under investigation.

Cell number. For hiPSC or hESC samples, we recommend
starting with 2.5-5 x 10° cells for each library to achieve at least
15 pg of HMW genomic DNA. We used TrypLE reagents to tritu-
rate hiPSCs into a single-cell suspension. We counted single
iPSCs either using an automated Countess system or manually
counting with a hemocytometer. We have also tested human
brain tissue from a patient with fragile X syndrome (FXS) and
created successful data using a 20 mg tissue sample and
~25 ng HMW gDNA. Future versions might be optimized to allow
for improvements in lowering the input of DNA required to make
rare samples accessible.

HMW genomic DNA preparation. DNA integrity is essential for
efficient yield of Cas9 target cleavage products. DNA extracted
using kits often results in fragments ranging from 10 to 100 kb
in length,?° and the phenol-chloroform extraction method gets
HMW DNA exceeding 100 kb in length. In applications with
5 x 10° cultured cell numbers or 20 mg clinical sample, we
can obtain HMW DNA using commercial kits (NEB #T3060S/
3050S) and consistently achieve >20 pg high-quality HMW
DNA (Table S1). When using the Monarch kit for brain tissues
(NEB #T3060S), we used the extraction parameters as follows:
20 mg of brain tissue yielded approximately 25 pg of HMW
gDNA using an agitation speed of 1,500 rpm at 56°C for
15 min, followed by incubation at 56°C without agitation for
30 min. To ensure efficient phase separation, after RNase A
digestion, the lysate was chilled on ice for 3 min before adding
the protein separation solution.

HMW DNA tends to be viscous, and the rehydration process
can lead to fragmentation. After extraction, we recommend
eluting HMW genomic DNA by heating at 50°C for 1 h, followed
by rotation at room temperature overnight. Genomic DNA purity
is assessed by calculating the A260/A280 and A260/A230 ratios
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obtained through spectrophotometric analysis with Nanodrop.
High-purity genomic DNA should exhibit A260/A280 and A260/
A230 ratios within the ranges of 1.8-2.0 and 2.0-2.2, respectively
(Figure S2A). If the ratios significantly deviate from these optimal
values, superior performance can be achieved by re-purifying
gDNA samples using sodium acetate DNA purification. We mea-
sure genomic DNA yield as the concentration of rehydrated DNA
using the Qubit DNA Broad-Range assay (Figure S2B). We verify
the integrity of HMW DNA fragments on a 0.6% 1x TAE agarose
gel (Figure S2C). Using iPSC pellets consisting of 2.5-5 x 10°
cells for each sample, we typically observe a total mass of 15—
30 pg of HMW genomic DNA. Alternatively, some Cas9-targeted
long-read methods employ genomic kits, such as the Gentra
Puregene Cell Kit (Qiagen, 158767) for HMW DNA extraction,
which also yields satisfactory results. However, in cases with
limited samples, the phenol-chloroform extraction method may
be preferred to maximize genomic DNA vyield.

Cas9 RNP assembly

The CRISPR-Cas9 system configured as an RNP complex
in vitro consists of a guide RNA and Cas9 nuclease. The guide
RNA is comprised of two components: (1) a 17-20 nucleotide
crRNA complementary to the target DNA and (2) a tracrRNA
that acts as a binding scaffold for the Cas9 nuclease. To
assemble Cas9 RNP complexes, we anneal crRNAs and
tracrBNA in a 1:1 molar ratio. When targeting the FMR1 gene
for 10 reactions, we combine four different crRNAs, each pooled
with tracrRNA (2.5 pM for each crRNA and 10 pM for tracrRNA in
a 10-pL reaction volume). Next, we assemble CRISPR-Cas9
RNPs in 1x NEB rCutSmart buffer. We determine the optimal ra-
tio of Cas9 protein to CRISPR gRNA based on in vitro Cas9 RNPs
cleavage efficiency. We employ a 1:1 molar ratio of Cas9 protein
to CRISPR gRNA to achieve efficient FMR1 target cleavage
(Figure S3A).

HMW genomic DNA dephosphorylation

Genomic DNA dephosphorylation is the initial step to reduce
genomic background in MASTR-seq (Figure 1, step 3). We incu-
bate 5 pg of genomic DNA with 3 pL Quick CIP for DNA dephos-
phorylation in NEB rCutSmart Buffer at 37°C for 20 min followed
by inactivation at 80°C for 2 min. When optimizing for increased
on-target coverage, it is recommended to divide genomic DNA
into multiple reactions in the dephosphorylation step, each con-
taining 5 pg (or less) per reaction.

Cas9 RNP cleavage and dA tailing

We incubated Cas9 RNPs with a maximum of 5 pug of dephos-
phorylated HMW genomic DNA at 37°C for 60 min followed by
a dA-tailing of blunt ends at 72°C for 5 min. To ensure sufficient
on-target coverage per sample, three technical replicates (5 pg
DNA per replicate) of Cas9 target cleavage and dA tailing are per-
formed. The three replicates per sample are then pooled together
for BluePippin size selection, and the size-selected sample was
used for barcoding, adaptor ligation, and sequencing. For effi-
cient on-target cleavage, we recommend an optimization of
Cas9 RNP cleavage time to increase the ratio of on-target/off-
target reads. Excessive cleavage time can lead to a higher
number of off-target reads. To assess Cas9 RNP cleavage, we
recommend designing primers flanking the Cas9 RNP cleavage
locus and performing PCR to amplify the CRISPR-targeted locus
(Figure S3B). Successful Cas9 cleavage will result in little to no
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amplification as the target DNA is fragmented (Figure S3C).
Conversely, if cleavage does not occur, PCR will produce the ex-
pected amplification product (Figure S3C).

DNA purification

We employed the sodium acetate-ethanol DNA precipitation
method to purify and concentrate DNA from high-salt aqueous
solutions. The precipitated DNA is rehydrated at 50°C for 1 h in
30 pL elution buffer. If DNA is not completely dissolved, an over-
night rotation at room temperature is recommended.
BluePippin automated size selection

Removal of background uncleaved genomic DNA or off-target
DNA fragments outside of the target locus is essential for
MASTR-seq performance. We use BluePippin size selection to
further enrich the target signal in our protocol. Cas9 RNP cleav-
age of the target (e.g., here, the FMR1 locus) produces a 6.9-kb-
sized DNA fragment in normal-length (NL) iPSCs or an 8- to
10-kb-sized DNA fragment in ML iPSCs. For potentially longer
ML STR tracts (e.g., GGGGCC/G4C2 in ALS-patient-derived
iPSCs), Cas9 RNP cleavage of the target C9ORF72 locus pro-
duces a 4.2 kb size DNA fragment in NL alleles. Mutation-length
alleles can be anywhere from 4.38 kb (30 repeats) to greater than
10 kb for 1,000 repeat units. To ensure the BluePippin size selec-
tion recovers the wide range of DNA fragments efficiently, we
conduct size selection for large 4-15 kb fragments using the
BluePippin (Sage Science) and BLF7510 cassette using the
“0.75DF 3-10 kb Marker S1-Improved Recovery” cassette defi-
nition with broad range mode set at 4-15 kb (Table S2). For gen-
otyping potentially longer ML STRs (e.g., those in genes CNBP,
C90RF72, SAMD12, and ATXN10), we recommend testing
different size range modes before finalizing the size selection.
To allow for size-selected HMW DNA to efficiently detach from
the membrane of elution mode well, we recommend allowing
samples to remain in the cassette for at least 45 min after the
run is complete prior to removing eluent. Additionally increased
yield can be achieved by second elution with 0.1% Tween 20 so-
lution after removal of initial elution.

PCR-free multiplexed barcoding

To prepare the library for nanopore sequencing, we ligate size-
selected DNA fragments to a unique barcode for each sample,
pool multiple barcoded samples together, and ligate to an
adapter for sequencing. To circumvent amplification bias over
repetitive sequences, our methods are PCR free. The limitation
is that the low yield of target DNA fragments makes equimolar
pooling of each barcoded sample challenging. Using MASTR-
seq, we can barcode each sample and pool 8-12 human-derived
samples for one MinlON flow cell. Library quality can be as-
sessed by using the Agilent bioanalyzer or Tape station system
(Figure S4). The MInlON flow cell is limited by 512 nanopore
channels for sequencing, and the PromethlON flow cell contains
up to 2,675 nanopore channels. For applications using the
PromethlON flow cell, MASTR-seq can be readily adapted to in-
crease sample throughput and the number of target loci. In prin-
ciple, one PromethlON flow cell can accommodate over 50
samples.

Sequencing

To enhance the yield of on-target reads and reduce off-target
reads during sequencing, we employed specific parameters
such as a minimal read length of 1,000 bp, a maximum scanning
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Figure 2. Precise quantification of FMR1 CGG STR lengths in human iPSCs d
(A) Schematic representation of iPSC lines modeling normal-length (NL), premutation-leng

erived from patients with FXS using MASTR-seq
th (PM), and mutation-length (ML/FXS) FMR1 CGG STR tracts. Normal-

length: 5-44 CGG repeats; intermediate-length: 45-54 CGG repeats; premutation: 55-200 repeats; full ML: >200 repeats.

(B-D) Dorado- and MASTR-seq-pipeline-processed R9.4.1 sequencing data. For the CG
indicates 200.
(B) Distribution of CGG STR tract length in FMR1 5’ UTR derived from forward and reverse

G size reference, orange vertical line indicates 50, and red vertical line

nanopore long reads, shown per sample, represented as vertical lines.

(C) Number of CGG STRs in the 5'UTR of FMR1 computed from reverse single-molecule nanopore long reads across CRISPR-engineered FXS ML single-cell

iPSC clones.

(D) Number of CGG STRs in the 5UTR of FMR1 computed from reverse single-molecule nanopore long reads across CRISPR engineered FXS PM single-cell

iPSC clones. These data are provided side by side with the ML (FXS#1) and NL#1 lines.
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time of 1.5 h, and “pores reserve” mode (Table S2). For
sequencing, we have used both the Flow Cell R9.4.1 (outdated)
and R10.4.1 (FLO-MIN114) on the MinlON sequencer for a dura-
tion of about 48 h.
Data processing

1. Raw data processing

Data processing steps can improve long-read basecalling and
read alignment as technology platforms improve. Several
studies report that higher accuracy can be achieved by using
the latest Nanopore R10.4 flow cells®>~" with improved resolu-
tion for homopolymer detection.®®*° Simplex sequencing
achieves an average read quality of 98%, and duplex reads
exhibit 99% accuracy with the R10.4 flow cell.”® After collecting
data from the R10.4 flow cell, the newest basecalling algorithms
can be used together with the Q20+ reagent from Nanopore li-
brary kits to achieve up to 99% base calling accuracy.”®*°

We developed computational scripts and provided them to the
user to conduct basecalling and alignment using Dorado
(v.0.7.3). Using NanoStat, we generated nanopore data statistics
from the bam file before demultiplexing (Table S3) and assessed
data yield across sequencing time (Figures S5A and 5B). The
sequencing yield accumulates much more slowly later in the
run, indicating the optimal time to stop the sequencing
(Figures S5A and S5B). Subsequently, we used Dorado demux
(v.0.7.3) to demultiplex basecalled reads into unique samples
and analyzed the distribution of reads quality and reads length
across each demultiplexed sample (Figure S5C). The Phred
quality scores for most reads are >30 (99.9% accuracy) across
12 samples in one nanopore run, which is consistent with data
produced from flow cell R10.4.1.%%%

2. STR visualization

Strand-specific errors in nanopore basecalling are common
in repetitve DNA sequences.”® When assessing STR tract
length, we compared the forward with reverse strands. In our
previous publication using MASTR-seq data we generated
with older R9 chemistry in FXS patient-derived iPSCs, we found
dramatic differences in CGG STR lengths in forward and
reverse reads.®’ However, here using the same published
data and re-analyzing it with our upgraded dorado pipeline,
we found that both forward and reverse reads provided similar
STR lengths (see Figure 2). Moreover, when repeating the data
collection with R10 chemistry, we found that both forward and
reverse reads accurately quantify ML STR tracts (Figures 2 and
5). In this manuscript, we define FMR1 CGG STR tract length
ranges based on ACMG/EMQN clinical guidelines: NL (<45 re-
peats), intermediate (45-54), premutation-length (PM) (55-200),
and full ML (>200). Unless otherwise stated, reads with >54
CGG repeats were used as expanded PM or ML CGG STR
alleles.®?

¢? CellPress

OPEN ACCESS

Recommended controls in the procedures

Cas9 RNP cleavage can be assessed as a quality control step.
We recommend preparing negative control samples without
Cas9 RNP cleavage to compare to cleaved samples as
described in the day 2 protocol. To qualitatively evaluate if the
Cas9 step was effective, we recommend in vitro Cas9 cleavage
on a PCR amplicon or a synthesized DNA fragment containing
the single-guide RNA (sgRNA) target site followed by agarose
gel electrophoresis.®® For a positive control, we recommend us-
ing cell lines with defined STR tract lengths to calibrate the
method’s parameters and ensure MASTR-seq is accurately
measuring ground-state truth before applying it to query un-
known cell lines. An evaluation of sequencing metrics can assist
in assessing the quality of the sample, including the amount of
loaded library, library yield, sequencing duration, total generated
bases and reads, read length distribution, the proportion of un-
classified and assigned reads before and after demultiplexing,
and the number of reads fully spanning the STR (Table S3).

RESULTS

To assess the suitability of MASTR-seq for accurate STR length
quantification, we quantified the FMR7 CGG STR across a spec-
trum of tract lengths including NL, PM, and full ML hiPSCs
(Figure 2A). Implementation of MASTR-seq for STR genotyping
yielded an increase in on-target read proportion compared to ex-
isting publicly available published data on target capture multi-
plexed samples (Table S4). Using the latest Dorado method for
basecalling Nanopore data, we demonstrate that forward and
reverse strand reads have similar performance for genotyping
the CGG STRtract length (Figures 2B, 2E, and 2F). We confirmed
that normal- and PM iPSC alleles contained 23-33 and 155-194
CGG triplets, respectively, whereas all three independent iPSC
lines derived from FXS patients showed averaged size of 417-
478 CGG triplets (Figure 2B). Furthermore, we employed
MASTR-seq to verify the length of the FMR1 CGG STR tract in
CRISPR-engineered PM clones by cutting back the ML CGG
STR from a parent FXS iPSC line (Figures 2C and 2D). We
compared the performance of genotyping the CGG STR using
Guppy and Dorado basecallers. Forward-strand reads base-
called using Guppy showed higher error rates and poor accuracy
compared to Dorado (Figure 2E). These differences reflect how
recent improvements in Nanopore’s wet-lab chemistry
(R10.4.1 flow cell, V14 kit) have coincided with advances in
computational pipelines (transition from Guppy to Dorado), mak-
ing Dorado the current standard for high-accuracy STR profiling.
We also demonstrate the compatibility of MASTR-seq with the
R10.4.1 MinlON flow cell and V14 chemistry. Using the latest
chemistry and flow cell combined with Dorado basecalling re-
sulted in significantly higher read accuracy compared to R9.4.1
flow-cell-generated data (Table S3). Both forward and reverse

(E) Comparison of Guppy- and Dorado-processed R9.4.1 sequencing data for quantification of FMR1 CGG STR, computed from individual forward and reverse
single-molecule nanopore long reads across two different FXS ML iPSC lines, each FXS iPSC line with two biological replicates (rep#1 and rep#2).

(F) Comparison of Dorado-processed R10.4.1 sequencing data for quantification of FMR7 CGG STR, computed from individual forward and reverse single-
molecule nanopore long reads across two different FXS ML iPSC lines, with each cell line having two biological replicates as in (E).

See also Tables S4 and S5.
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Figure 3. Validation of CGG STR genotyping in human FXS-patient-derived samples

(A) Southern blot analysis of six iPSC lines (1 WT, 2 PM, and 3 FXS) and one FXS patient brain tissue sample (FXS#5006), all males. Genomic DNA was digested
with EcoRl and BssHIl and hybridized with the digoxigenin-labeled GLFXDig1 probe. In males, the expected fragment size for normal alleles is ~2.7 kb. Pre-
mutation alleles appear as fragments of 2.9-3.3 kb, whereas full mutations with methylation produce fragments >5.7 kb. Mosaicism is indicated by the coex-
istence of premutation (2.9-3.3 kb, unmethylated) and full mutation (>5.7 kb, methylated) fragments. The major and smear bands in the FXS#3 line are marked
with * and **, respectively; the smear in FXS#50086, indicative of a wide distribution of CGG repeat sizes, is marked with ***.

(B) MASTR-seq genotyped the CGG repeat length distributions using both forward and reverse reads for the same samples as (A); for the CGG size reference,

orange vertical line indicates 50, and red vertical line indicates 200.

(C) Capillary gel electrophoresis traces from the AmplideX mPCR FMR1 analyses quantifying CGG repeat sizes across normal, pre-mutation, and full-mutation

ranges in cell-line-derived samples.
See also Table S5.

reads can be used for more accurate STR genotyping
(Figure 2F). Thus, MASTR-seq efficiently measures the CGG
tract length of NL, PM, ML, and CRISPR-engineered PM cutback
iPSC clones.

To independently assess the extent to which MASTR-seq
accurately captures STR allele heterogeneity and size, we per-
formed Southern blotting on six iPSC lines and one FXS-pa-
tient-derived brain sample. WT, PM, FXS#1, and FXS#2 iPSC
lines showed a single band at a size consistent with the

8 Cell Reports Methods 6, 101341, March 23, 2026

MASTR-seq-predicted STR tract length (Figures 3A and 3B).
By contrast, the FXS#3 iPSC line and caudate nucleus brain tis-
sue (FXS#5006) exhibited a broad band or smear pattern in
Southern blot data, indicative of a heterogeneous CGG STR
length distribution caused by somatic instability (Figures 3A
and 3B). The Southern blot patterns closely matched the tract
length distributions detected by MASTR-seq, suggesting that
allele-specific heterogeneity reflects bona fide biological varia-
tion rather than technical noise exclusive to our method. We
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further performed AmplideX mPCR on several FXS-patient-
derived iPSC lines with less heterogeneity to independently
quantify CGG repeat sizes across normal-, PM-, and ML tract
lengths (Figure 3C). AmplideX mPCR results were consistent
with Southern blot and MASTR-seq data in normal- and PM
samples (Figure 3C). Moreover, consistent with known limita-
tions, AmplideX mPCR failed to resolve the size of the ML
CGG STR tract, whereas MASTR-seq uniquely quantified the al-
leles (Figure 3C). Together, Southern blot and AmplideX mPCR
cross-validate the veracity of MASTR-seq results across normal-
to ML tract lengths.

We demonstrate that nanopore long-read sequencing can
accurately quantify STR length and DNA methylation at single-
molecule resolution. Our method accurately confirms the known
hypomethylation of CpG dinucleotides in the FMR1 promoter in
NL and PM iPSCs, as well as promoter hypermethylation in ML
iPSCs (Figure 4A). Moreover, at the CGG STR tract, we observed
nearly all hypomethylated alleles in all three normal length and
the PM iPSC lines as well as a high level of hypermethylation in
ML iPSCs (Figure 4B). Consistent with the DNA methylation
data, our published FMR1 gene expression data revealed high
expression in NL and PM iPSCs and silencing in ML iPSCs
(Figure 4C). In CRISPR-engineered clones, we demonstrate
that five out of seven PM cutback clones exhibit depleted CpG
methylation at the FMR1 promoter and decreased CpG methyl-
ationinthe CGG STR tract (Figures 4D and 4E). FMR1 de-repres-
sion occurs in the same clones where DNA methylation is
depleted compared to the parent FXS-patient-derived ML
iPSC line (Figure 4F). We also demonstrated the compatibility
of MASTR-seq with the R10.4.1 MinlION flow cell and V14 chem-
istry for efficiently detecting DNA methylation on FMR1 target re-
gions (Figures 4G and 4H). Using the latest chemistry and
R10.4.1 flow cell, together with Dorado basecalling, we
observed reproducible methylated CpG island at the FMR1 pro-
moter region (Figures 4G and 4H) and the CGG STR tract
(Figure 41) in FXS#1 and FXS#3 cell lines (Figures 4A-4E).
Together, our data demonstrate robust quantification of both
DNA methylation and STR length in the same single molecule
across a cohort of NL, PM, and ML FXS iPSC lines.

To validate MASTR-seq’s utility beyond the CGG STR, we also
employed our method to verify the length of a HTT CAG tract in
three isogenic human embryonic stem cells (hESCs) engineered
to model Huntington’s disease (HD)*® (Figure 5A). The RUES2
hESC lines have been engineered on one allele with specific, fully
validated CAG tract lengths as indicated by the labels
(Figure 5A). MASTR-seq accurately confirmed the presence
of the unedited allele as well as the NL- or ML-edited CAG
STR tract in the HTT gene in all isogenic hESCs (Figure 5B).
Employing MASTR-seq, we accurately identified large G4C2 re-
peats in C9ORF72 gene in ALS-derived hiPSCs (Figure 5C). In
addition, we characterized the increased DNA methylation level
at the promoter and G4C2 repeats region in ML alleles compared
to NL alleles in the same sample (Figures 5D and 5E).

By adding a fragment size selection step to enrich target DNA
fraction while removing large DNA fragments, the size selection
effectively reduces the size of the genome from which the target
DNA fragments are isolated. As a result, we achieve improved
on-target read proportion in a single nanopore run (Table S4).

¢? CellPress

OPEN ACCESS

Moreover, we employ PCR-free multiplexed barcoding to allow
for the pooling of up to 12 samples in a single MinlON flow
cell. Altogether, MASTR-seq provides an approach for multi-
plexed PCR-free barcoding for high-throughput pooling at a
defined target locus in multiple samples.

DISCUSSION

Advantages and applications

In our recently published work focused on FXS,°" we applied
MASTR-seq to accurately measure CGG STR length and DNA
methylation for the 5’UTR and promoter of the FMR1 gene in
the same single-allele across several NL, PM, and ML patient-
derived iPSC lines. By adding multiple steps to improve the pro-
portion of long reads spanning the target locus compared to
existing target capture long-read methods, we demonstrate
here that MASTR-seq achieves substantial on-target read pro-
portion at the FMR1 CGG STR in a pool of 8-12 samples using
a single MinlON flow cell (Figures 1, 2, 3, 4, and 5; Table S4).%°
We show robust measurement of the CAG STR in the HTT
gene in human embryonic stem cell (hESC) lines after knockin
of defined ML CAG tracts (Figures 5A and 5B). Moreover, we
demonstrate accurate measurement and deep coverage of the
longer and more complex 100% CG-content GGGGCC (G4C2)
tract observed in the C9ORF72 gene in familial amyotrophic
lateral sclerosis (ALS) (Figure 5C). Given that strand-specific
GC content and secondary structures can affect repeat length
estimation as shown in published work,®" we have systematically
evaluated forward vs. reverse strand coverage across different
STR loci and observed that both can similarly estimate STRs
size when using MinlON flow cells (R10.4.1) together with the
basecaller Dorado instead of Guppy (Figures 2 and 4). Overall,
we demonstrate that MASTR-seq is effective at high-throughput
measurement of varying sequence compositions and sizes
across a wide range of biological contexts.

We find that MASTR-seq markedly increases on-target read
mapping percentage compared to the main published method
integrating nanopore sequencing, Cas9 enrichment of a single
target locus, and pooling of multiple samples (Table S4).%° Cas9
capture has also been combined with nanopore sequencing to
enrich thousands of partially redundant mobile element loci across
the genome and multiple samples®’ or to multiplex multiple
sgRNAs.**%* Both designs pull down many loci simultaneously,
making their read distribution and on-target proportion fundamen-
tally different from the single-locus strategy employed in this
study. Moreover, several methods coupling Nanopore or
PacBio long-read sequencing with target capture for a single
sample have been reported but are limited in throughput
(Table S4),29:33:34,36,38-42,51.52 Bayond published work, two com-
mercial kits are available but have substantial limitations. In the
PacBio commercial kit PureTarget, the company predetermines
known STR expansion loci and allow partial customization of target
panel. To our knowledge, one dataset composed of samples with
expanded STRs alleles was produced and publicly available using
PureTarget (repeat expansion panel Coriell samples: hittps://
downloads.pacbcloud.com/public/dataset/Pure TargetRE/Coriell/);
however, the raw data were not available for comparative ana-
lyses. A kit from Nanopore also exists (https://nanoporetech.
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Figure 4. Precise quantification of DNA methylation and STR tract length in the same single molecule in iPSCs derived from FXS patients
using MASTR-seq

(A) CpG dinucleotide DNA methylation of the FMR1 promoter across normal-length (NL), premutation-length (PM), and full mutation-length (FXS/ML) iPSC lines.
Density plot of methylated CpG islands in the FMR1 promoter from reverse nanopore long reads computed using Nanopolish.

(B) Proportion of alleles with a methylated CGG STR tract using reverse nanopore long reads computed using STRique across NL, PM, and ML iPSC lines. Each
dot denotes a single-molecule long read representing one allele.

(C) RT-gPCR measurement of FMR1 mRNA levels normalized to GAPDH mRNA levels. Horizontal bar indicates the mean value from two biological replicates.
Error bars represent the standard deviation between two biological replicates.

(D and E) CpG dinucleotide DNA methylation of the (D) FMR1 promoter and (E) CGG STR tract computed from individual reverse single-molecule nanopore long
reads across seven single-cell iPSC clones derived from an FXS ML line and seven PM CRISPR cutback clones also derived from the same parent FXS ML iPSC
line. These data are provided side by side with the population-based ML (FXS#1) and NL (NL#1) iPSC lines.

(F) RT-gPCR measurement of FMR1 mRNA levels normalized to GAPDH mRNA levels for each single-cell clone and further normalized to the values for parent line
FXS#1. Horizontal bar indicates the mean value from two biological replicates. Error bars represent the standard deviation between two biological replicates.
(G and H) Density plot of methylated CpG islands within FMR1 promoter from two biological replicates of FXS#1 and FXS#3 iPSC lines. CpG methylation from
nanopore long reads was computed using Dorado.

(I) Density plot of methylated CpG islands within FMR1 CGG STR region from two biological replicates of FXS#1 and FXS#3 iPSC lines. CpG methylation in CGG
STR from nanopore long reads was computed using Dorado.

See also Table S5.

comdocument/cas-sequencing-kit); however, it lacks sample tional analysis of MASTR-seq across a range of custom model
throughput and has been deprecated. Here, we provide detailed  systems and loci for paradigms of sample multiplexing and target
protocol to allow for reproducible experimental and computa- capture of intractable repetitive sequences.
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Figure 5. Precise quantification of the HTT CAG STR and C90RF72 CCCCGG STR tracts using MASTR-seq
(A) Schematic representation of isogenic RUES2 human embryonic stem cell (hESC) lines engineered to model HTT CAG expansion in Huntington disease (HD).
Shown here are RUES2 subclones comprising one parental line, one HTT CAG normal-length (NL) knockin line, and two HTT CAG mutation-length (ML) knockin

lines.

(B) Distribution of CAG STR lengths in HTT obtained from targeted nanopore long reads.

(
(
(
(

basecalling and custom scripts.
See also Table S5.

Our work meets an unmet need of a detailed experimental and
computational protocol to conduct custom CRISPR-based target
capture of the repetitive genome for multiplexed, cost-effective,
multi-modal analysis of repeat genotype and DNA methylation at
single-allele resolution. The ability to count and measure STR tract
lengths at single-allele resolution represents a major step change
improvement in sensitivity and specificity from traditional gold-
standard STR genotyping methods used in the clinic such as
Southern blot and triplet repeat-primed PCR (TP-PCR) (AmplideX,
Asuragen). Existing target capture methods have sparse methods,
poor on-target read performance, and poor multiplexing capabil-
ities or have been commercialized into kits that lack flexibility to
scale to new experimental or computational advances and the
custom applications from individual laboratories. We demonstrate
here that MASTR-seq protocol can be easily adapted using
custom guide RNAs for a wide range of applications for multi-
plexed, multi-modal analysis of repeat genotype and DNA methyl-
ation at single-allele resolution. We provide a detailed computa-
tional and experimental protocol, and we upgrade MASTR-seq
to improve sample analysis, read accuracy across disparate

C) Distribution of G4C2 STR lengths in C90rf72 obtained from targeted nanopore long reads in a C9orf72 ALS-patient-derived induced pluripotent stem cell
iPSC). Each dot signifies a single-molecule long read corresponding to one allele.

D) Density plot of reads according to CpG dinucleotide DNA methylation within the C9orf72 promoter across NL and full ML alleles.

E) Histogram of CpG dinucleotide DNA methylation within the G4C2 STR across NL and full ML alleles. CpG methylation was computed using Dorado-modified

repeat sequences, and improve the proportion of on-target reads
mapped to reduce cost and efficiency of sample processing.

Broader impact via future applications
MASTR-seq future applications include the following.

1. multi-modal analysis of intractable repetitive sequences
for genotype and DNA methylation

Long-read sequencing has been successfully applied for the
detection of copy-number variants and DNA methylation of
repetitive sequences, including STRs, transposable ele-
ments, 92129333561 centromeres, peri-centromeres, and telo-
meres®® across a wide range of samples. Nanopore long reads
can simultaneously detect mosaic DNA methylation and somatic
sequence variation.®®®” Here, we demonstrate that MASTR-seq
provides a facile way to increase on-target reads to quantify
repeat unit length and DNA methylation in the same single-
read in pre-determined repetitive sequences across multiple
samples at a single-allele resolution. MASTR-seq will broadly
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scale to applications in which there is a specific repetitive
sequence of interest across multiple samples to understand ge-
notype and DNA methylation variation. The applications are not
limited to STR tracts and could involve genotyping technically
intractable SINE, LINE, centromere, and telomere tracts for a
comparison of multiple samples in one nanopore run.

2. multiplexed PCR-free barcoding for pooling and cost-
effective multi-modal measurements as a defined target
locus in multiple samples

Previously published methods involving Nanopore or PacBio
sequencing coupled with Cas9 enrichment highlight the power
of the Cas9-mediated enrichment step in focusing reads on a
target locus to save cost.'??1:29:3542.51.52 The Cas9-enrichment
step opens the possibility of pooling multiple target loci from
the same single cell line or the same locus across multiple cell
lines for high-throughput comparative analysis using a single
flow cell. Proof of concept of Cas9 capture long-read
sequencing at single loci in single samples has been published
(e.g.,>8:32:33:35,3741.51.52) however, early data suggest that there
is a major reduction in on-target read coverage and proportion of
on-target reads mapped upon pooling samples for analysis.*®
Here, by adding a large fragment size selection step, we increase
on-target read proportion for a single locus compared to the
other main known published Nanopore Cas9 capture method
applied for sample multiplexing®® (Table S4). To our knowledge,
all other methodologies either involved multiple target loci or sin-
gle samples and cannot be compared (Table S4). We further
employ PCR-free barcoding to allow for the pooling of up to 8-
12 different patient-derived cell line samples in a single MinlON
flow cell, which reduces cost and allows for high-throughput
screening of more samples (Table S4). Additionally, integrating
MASTR-seq’s high sample throughput with a recently devel-
oped, cost-effective in vitro transcription (IVT) guide RNA strat-
egy®® offers a transformative approach for detecting genomic
mutations across multiple loci in multiple samples in a single
experiment.

In addition to reducing per-sample sequencing cost, sample
multiplexing in MASTR-seq enables robust allele-specific com-
parisons across individuals or conditions within a single run,
minimizing run-to-run variability. Based on our current imple-
mentation, we successfully multiplexed up to 12 samples per
MinION flow cell using ONT’s native barcoding kits, achieving
~260 averaged on-target reads per sample for resolving
expanded STR alleles such as FMR1(Table S3). Given that our
experiments used approximately 20% of pores in each flow
cell with 12 samples pooled, we estimate that up to 48 samples
could in principle be loaded in a given flow cell for simple,
shorter, and less heterogeneous STR tracts. We note that
simpler STR tracts with shorter ML, minimal allele heterogeneity,
or lower CG content may require lower read depth for quantita-
tive evaluation of tract length, and therefore more samples could
be pooled. For complex loci, we recommend limiting multiplex-
ing to 12 samples to ensure adequate resolution, whereas
simpler loci (e.g., HTT CAG STR) may tolerate higher degrees
of multiplexing without compromising accuracy. Future develop-
ment will focus on adapting MASTR-seq to larger flow cells, such
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as PromethlON, to further enhance target and sample
throughput, solidifying its potential as a powerful tool for target
sequencing and clinical diagnostics.

Experimental design considerations

We note that two types of multiplexing are available for targeted
nanopore sequencing assays. One approach involves use of
multiple sgRNA and a single sample to analyze multiple loci
(sgRNAs multiplexing).®*®* MASTR-seq focuses on a single lo-
cus with locus-specific sgRNAs and multiplexing up to 12 inde-
pendent samples (sample multiplexing). It is noteworthy that
both approaches achieve similar on-target read coverage per
sample (Table S4).°* Multiplexing loci is useful for scenarios in
which the scientist desires to query multiple genomic targets
from a single sample for a single flow cell run, for example, in
the case of a clinical diagnostic sample requiring screening for
a panel of possible STR expansion events. By contrast, multi-
plexing samples is useful in cases of basic science studies or
large panels of human patient studies where a target locus is
studied across a wide range of conditions, perturbations, or dis-
ease states. Hybrid strategies multiplexing both loci and sam-
ples could be explored in the future by merging advances be-
tween MASTR-seq and locus multiplexing methods. #5462

Comparison with other methods

Several variations on long-read sequencing have been devel-
oped to enrich for specific genomic DNA sequences. Among
the most promising are CRISPR-mediated enrichment ap-
proaches that cut around a locus of interest to enrich it in the mo-
lecular sample compared to all other genomic fragments
genome-wide,'820:28:32-41.51.52 \MASTR-seq is a detailed and
scalable protocol that builds on the Cas9-mediated enrichment
principle by adding flexible features useful for the flexible adap-
tation to a myriad of basic science and clinical applications.

One major challenge with existing methods is that the on-
target read mapping rate can be as low as <0.1% despite the
CRISPR enrichment. Thus, money is wasted on sequencing
genomic fragments irrelevant to the biological question and
limiting the pooling of multiple samples for measurements. We
add a fragment size selection step to increase the on-target
read mapping proportion (Table S4), therefore allowing for (1)
increased sampling to facilitate STR genotyping accuracy and
(2) the re-distribution of read availability to allow for multiplexing
multiple samples. The presence of adapted off-target DNA
fragments causes competition of reads during nanopore
sequencing, leading to low on-target read yield. Prior to improve-
ments in MASTR-seq, only a limited number of samples could be
sequenced with custom protocols in parallel due to severe chal-
lenges in cost and poor sensitivity in genotype measurements
due to low on-target read coverage.>> MASTR-seq’s advances
enable significant decreases in cost for multi-modal measure-
ments of target regions across multiple samples.

A second challenge with existing methods is their widespread
flexibility for a range of sequences and accuracy of genotype
measurement in locations of the repetitive genome. For applica-
tions involving the quantification of STR tract length, it is impor-
tant to address biases caused by PCR amplification. We also
add PCR-free multiplexed barcoding to MASTR-seq, which
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offers the advantage of reducing polymerase-based errors that
occur at high frequency in repetitive regions of the genome.
Both the PacBio RS Il and ONT MinlON platforms can sequence
across challenging repetitive sequences with 100% CG-content,
but the accuracy remains a hurdle®® that future upgrades to
the sequencing platforms themselves will address. Given that
STR expansions, such as C9orf72 and FMR1, vary across tis-
sues within the same patient,®’® multiplexed, high-coverage
long-read sequencing studies that accurately genotype repeat
sequences are necessary to understand disease onset and pro-
gression. The design features of MASTR-seq increase accuracy
of long reads at highly repetitive regions susceptible to PCR bias
and also allow for the pooling of up to 8-12 samples on a single
MinION flow cell.

A third major challenge is that existing methods have sparse
experimental and computational details, or they are rigid kits
that are inflexible to scale to researcher’s custom model sys-
tems, custom target loci, and new technology advances in hard-
ware and computational tools. Recently, older versions of
MinION flow cells (R9.4.1) have been deprecated, and previously
published targeted nanopore methods and kits are incompatible
with the R10.4.1 flow cells. Here, we present a detailed and
flexibly scalable experimental and computational pipelines
that are compatible with new advances and will enable re-
searchers to accurately analyze STR length and DNA methyl-
ation in the same single molecules with minimal new technology
development.

Limitations of the study
1. High input requirement

MASTR-seq requires 5-15 pg DNA input per sample to
achieve efficient on-target coverage. When using rare tissue
samples, there is limited DNA amount available. The problem
of high input for quality data is pervasive across nearly all
genomic assays, in particular for PCR-free methods to improve
read accuracy at repetitive regions, and it is not unique to
MASTR-seq. As PCR-free library preparation kits advance sensi-
tivity, the input can be reduced in the future. Investigators can
continue to optimize their workflows for their customized appli-
cations by (1) optimizing sequencing adaptor ligation efficiency
and (2) increasing the efficiency of the DNA extraction, Cas9
cleavage, and DNA size selection steps. Although we believe
MASTR-seq will scale to clinical samples with sufficient cell
numbers to reach the requirement of 5-15 pg DNA input per
sample, it will be important to optimize PCR-free experimental
conditions for rare patient-derived samples in the future.

2. Time-consuming size selection

The BluePippin size selection step currently takes at least 6 h,
depending on sample quantity. To address this issue, it might
be possible in the future to use the PippinHT System’s
high-throughput solution, which streamlines the process and
achieves sample reproducibility with 6 h. This system has a ca-
pacity for 24 samples, significantly reducing time investment
and meeting the demands of high-throughput sequencing.

3. Alimited number of STRs loci tested
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MASTR-seq is developed for genotyping STR loci defined by
specifying the repeating motif, but it does not yet provide a
comprehensive method for analyzing the full range of STRs
across the genome. Expanding its compatibility with additional
STRs, especially those with complex repeat structures, may
require modifications such as integrating Hidden Markov Models
(HMMs) to improve the identification of repeats with interrupted
or variable motifs. For reference, the publicly available HMMSTR
tool uses a profile HMM-based framework to estimate STR
copy numbers from targeted sequencing data,® whereas
NanoRepeat applies a Gaussian mixture model to classify reads
into alleles.”’ These complementary strategies illustrate poten-
tial future directions for enhancing MASTR-seq’s flexibility in
integrating STR and variant analysis capabilities with established
public tools. Additionally, unlike whole-genome STR detection
methods, MASTR-seq requires prior knowledge of the target
loci and may not be well suited for discovering novel repeat
expansions.

4. Challenges with ultra-long STR expansions

The current protocol was tested on medium-length repeats
(up to ~6 kb), but sequencing ultra-long expansions (>10kb) re-
mains unknown as we have very limited samples available to
tested in hand. A sequencing coverage significantly drops for
these long-expanded repeats compared to those normal-length
(NL) repeats (e.g., C9orf72 expansions >5kb show 26x
coverage, much lower than NL repeats with 64x coverage).
Future protocol optimizations should address potential biases
in long-repeat sequencing.

5. Limited on-target read fraction and demultiplexing effi-
ciency

Compared to PureTarget (>70% on-target reads), MASTR-
seq exhibits a lower fraction of on-target reads. To improve
on-target read fraction, guide RNA design should be optimized
to minimize off-target Cas9 cleavage; stricter size selection
and precise adapter concentration adjustments can further
reduce non-specific fragments. Furthermore, demultiplexing ef-
ficiency remains a challenge, with only 26%-40% of reads
correctly assigned to barcodes. Sequencing most unbarcoded
data impacts per-sample read depth and cost-efficiency. Future
optimizations in barcoding strategies, such as merging barcod-
ing with adapter ligation into a single step, could help streamline
the process and improve sequencing efficiency. Older published
methods and kits have recently been deprecated due to
outdated flow cells or low accuracy of older base calling
methods; therefore, MASTR-seq fulfills a critical unmet need.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be
directed to lead contact, J.E. Phillips-Cremins (jennifer.cremins@wustl.edu).

Materials availability
Materials used in the current study are available from the lead contact upon
request.
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Data and code availability

® All MASTR-seq processed data have been provided in Table S5.
New generated data in this study have been deposited at GEO acces-
sion GSE265944. Raw data have been deposited at Zenodo link:
Run18&2: https://zenodo.org/records/17594975; Run3: https://zenodo.
org/records/17612978; and Run4: https://doi.org/10.5281/zenodo.
17618429.

® The original code for STR counting and DNA methylation assay is in
https://doi.org/10.5281/zenodo.17917641 (Zenodo) and at GitHub
link: https://github.com/chuanbinhub/MASTRseq.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

FXS human caudate nucleus brain tissue from NIH

donor 5006 (Designated as FXS#5006)
FXS patient postmortem brain tissues #1031-08-

GP were obtained UC-Davis (Designated as
103108GP)

NIH NeuroBioBank

UC-Davis MIND Institute

https://neurobiobank.nih.gov

1031-08-GP

Chemicals, peptides, and recombinant proteins

mTeSR Plus media

Matrigel hESC-Qualified Matrix

1X PBS without calcium and magnesium
Penicillin-streptomycin

TrypLE™ Express Enzyme (1X), phenol red
Versene Solution

10X TAE buffer

1M Tris-HCI (pH 8.0)

0.5M EDTA (pH 8.0)

20% SDS (w/v) solution

RNAse A

Proteinase K

UltraPure Phenol/Chloroform/Isoamyl Alcohol
5M Ammonium Acetate

100% Ethanol

0.75% Agarose Gel Cassette

S. pyogenes Cas9 tracrRNA

Alt-R S. pyogenes HiFi Cas9
nuclease V3

Quick Calf Intestinal Phosphatase
rCutSmart buffer

Nuclease-free water

Taq DNA polymerase

100 mM dATP solution
Nuclease-free duplex buffer
Quick-Load 1 kb Extend DNA Ladder
NEB Blunt/TA Ligase Master Mix

T4 DNA ligase, from NEBNext Quick Ligation
Module

EcoRlI

BssH Il

AP Detection buffer 10X (Alkaline Phos. buffer)
AP Substrate CDP Star Tropix

20X SSC

DIG Easy Hyb

Fragile X GeneProber™ GLFXDig1 Probe
Digoxigenin labeled

Blocking solution 10%
Maleic acid buffer 10X (Buffer M 10X)

STEMCELL Technology
Corning

Corning

Gibco

Gibco

Gibco

Invitrogen

Invitrogen

Invitrogen

Fisher Scientific
Sigma-Aldrich

New England Biolabs
Invitrogen

Invitrogen

Decon Labs

Sage Science

Integrated DNA Technologies
Integrated DNA Technologies

New England Biolabs

New England Biolabs
ThermoFisher

New England Biolabs
Thermo Scientific,

Integrated DNA Technologies
New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs
New England Biolabs
Gene Link

Gene Link

Gene Link

Roche

Gene Link

Gene Link
Gene Link

Cat# 100-0276
Cat# 354277
Cat# 21-040-CV
Cat# 15140122
Cat# 12605010
Cat# 15040066
Cat# 15558042
Cat# 15568025
Cat# 15575020
Cat# BP1311-200
Cat# 10109142001
Cat# P8107S
Cat# 15593049
Cat# AM9070G
Cat# 2716

Cat# BLF7510
Cat# 1072532
Cat# 1081060

Cat# M0525S
Cat# B6004S
Cat# AM9937
Cat# M0273S
Cat# R0141

Cat# 11-01-03-01
Cat# N3239S
Cat# M0367L
Cat# E6056S

Cat# R0101S
Cat# R0199S
Cat# 40-5031-10
Cat# 40-5010-10
Cat# 40-5020-25
Cat# T3010S
Cat# 40-2004-41

Cat# 40-5026-10
Cat# 40-5025-20
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

AmplideX mPCR FMR1 Kit Asuragen Cat# 49442
Monarch HMW DNA Extraction Kit for Tissue New England Biolabs Cat# T3060S
Monarch HMW DNA Extraction Kit for cell & blood New England Biolabs Cat# T3050S
Ligation Sequencing Kit V14 Oxford Nanopore Technologies Cat# SQK-LSK114
Native Barcoding Kit 24 V14 Oxford Nanopore Technologies Cat# SQK-NBD114.24
Monarch Spin gDNA Extraction Kit New England Biolabs Cat# T3010S
Flow Cell Priming Kit Oxford Nanopore Technologies Cat# EXP-FLP004
Qubit™ Broad Range dsDNA Quantitation Invitrogen Cat# Q32850
Qubit™ High Sensitivity dsDNA Quantitation Invitrogen Cat# Q32851
Bioanalyzer High Sensitivity DNA Analysis Kit Agilent Cat# 5067-4626
Deposited data

NL#1(NL_18) provided in Table S5 Malachowski et al.®" GEO: GSE218679
NL#2(NL_27) provided in Table S5 Malachowski et al.® GEO: GSE218679
NL#3(NL_25) provided in Table S5 Malachowski et al.’ GEO: GSE218679
PM#1(PM_137) provided in Table S5 Malachowski et al.® GEO: GSE218679
FXS#1(FXS_421) provided in Table S5 Malachowski et al.® GEO: GSE218679
FXS#2(FXS_426) provided in Table S5 Malachowski et al.®’ GEO: GSE218679
FXS#3(FXS_470) provided in Table S5 Malachowski et al.®' GEO: GSE218679
ML_scClone1 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
ML_scClone2 provided in Table S5 Malachowski et al.’ GEO: GSE218679
ML_scClone3 provided in Table S5 Malachowski et al.® GEO: GSE218679
ML_scClone4 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
ML_scClone5 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
ML_scClone6 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
ML_scClone7 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
PMcut_scClone1 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
PMcut_scClone2 provided in Table S5 Malachowski et al.® GEO: GSE218679
PMcut_scClone3 provided in Table S5 Malachowski et al.® GEO: GSE218679
PMcut_scClone4 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
PMcut_scClone5 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
PMcut_scClone6 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
PMcut_scClone7 provided in Table S5 Malachowski et al.®’ GEO: GSE218679
FXS_#1(FXS_421) rep1 This study GEO: GSE265944
FXS_#1(FXS_421) rep2 This study GEO: GSE265944
FXS_#3(FXS_470) rep1 This study GEO: GSE265944
FXS_#3(FXS_470) rep2 This study GEO: GSE265944
HTT_parental This study GEO: GSE265944
HTT_Q20 This study GEO: GSE265944
HTT_Q56 This study GEO: GSE265944
HTT_Q72 This study GEO: GSE265944
ALS_19 This study GEO: GSE265944
FXS#5006 This study GEO: GSE265944
Experimental models: Cell lines

Human healthy iPS cell line - NL_18 (designated as Malachowski et al.® NL_18

NL#1 in this study)

Human healthy iPS cell line - NL_27 (designated as Malachowski et al.®’ NL_27

NL#2 in this study)

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human healthy iPS cell line - NL_25 (designated as Malachowski et al.® NL_25

NL#3 in this study)

Human pre-mutation iPS cell line - PM_137 Malachowski et al.®’ PM_137
(designated as PM#1 in this study)

Human FXS iPS cell line - FXS_421 (designated as Malachowski et al.®’ FXS_421
FXS#1 in this study)

Human FXS iPS cell line - FXS_426 (designated as Malachowski et al.®’ FXS_426
FXS#2 in this study)

Human FXS iPS cell line - FXS_470 (designated as Malachowski et al.®’ FXS_470
FXS#3 in this study)

Human FXS iPS cell line - 135.3_CGG_034 Malachowski et al.®" ML_scClone1l
(designated as ML_scClone1 in this study)

Human FXS iPS cell line - 4H2 (designated as Malachowski et al.® ML_scClone2
ML_scClone2 in this study)

Human FXS iPS cell line - 6D12 (designated as Malachowski et al.®’ ML_scClone3
ML_scClone3 in this study)

Human FXS iPS cell line - 135.3_CGG_116 Malachowski et al.®’ ML_scClone4
(designated as ML_scClone4 in this study)

Human FXS iPS cell line - 135.3_CGG_125 Malachowski et al.®’ ML_scClone5
(designated as ML_scClone5 in this study)

Human FXS iPS cell line - 135.3_CGG_128 Malachowski et al.®’ ML_scClone6
(designated as ML_scClone6 in this study)

Human FXS iPS cell line - 135.3_CGG_131 Malachowski et al.®" ML_scClone7

(designated as ML_scClone?7 in this study)
Human FXS iPS cell line - 4D3 (designated as
PMcut_scClone1 in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_117 (designated as PMcut_scClone2
in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_187 (designated as PMcut_scClone3
in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_275 (designated as PMcut_scClone4
in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_278 (designated as PMcut_scClone5
in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_030 (designated as PMcut_scClone6
in this study)

Human pre-mutation FXS iPS cell line -
135.3_CGG_313 (designated as PMcut_scClone7
in this study)

Malachowski et al.®’

Malachowski et al.®’

Malachowski et al.®’

|_61

Malachowski et a

Malachowski et al.’

I.BT

Malachowski et a

Malachowski et al.®"

ML_CUT_PM_scClone1

ML_CUT_PM_scClone2

ML_CUT_PM_scClone3

ML_CUT_PM_scClone4

ML_CUT_PM_scClone5

ML_CUT_PM_scClone6

ML_CUT_PM_scClone7

HTT_parental Ruzo et al.®® RUES2 hESC line (NIH0013)
HTT_Q20 Ruzo et al.®® RUES2-22Q

HTT_Q56 Ruzo et al.®® RUES2-58Q

HTT_Q72 Ruzo et al.*® RUES2-74Q

ALS_19 This study N/A

Oligonucleotides

FMR1 targeted gRNA sequences Malachowski et al.®’ Table S2

HTT targeted gRNA sequences This study see Table S1

C9orf72 targeted gRNA sequences This study see Table S1
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Software and algorithms

ChopChop online tool

Labun et al.”®

https://chopchop.cbu.uib.no/

MinKNOW Oxford Nanopore Technologies https://community.nanoporetech.com/downloads

Dorado Oxford Nanopore Technologies https://github.com/nanoporetech/dorado

Nanopolish Gilpatrick et al.** https://github.com/jts/nanopolish

Minimap2 Li"® https://github.com/Ih3/minimap?2

Samtools Danecek et al.” https://www.htslib.org

Guppy Oxford Nanopore Technologies https:/nanoporetech.com/document/Guppy-
protocol

NanoStat De Coster et al.”® https://github.com/wdecoster/nanostat

STRique Giesselmann et al.?° https://github.com/giesselmann/STRique

snakemake Molder et al.”® https://snakemake.github.io

modbkit Oxford Nanopore Technologies https://github.com/nanoporetech/modkit

MASTRseq This study https://doi.org/10.5281/zenodo.17917641 and
https://github.com/chuanbinhub/MASTRseq

GeneMapper Applied Biosystems https://www.thermofisher.com/order/catalog/
product/4366925

Other

Agencourt AMPure XP beads Beckman Coulter Cat# A63881

R10.4.1 flow cell Oxford Nanopore Technologies FLO-MIN114

Hemocytometer Fisher Scientific Cat# 0267151B

BluePippin Sage Science Cat# BLU0OO1

Agilent bioanalyzer Agilent Technologies Cat# G2939A

MinlON Mk1B Sequencing Device Oxford Nanopore Technologies Cat# MIN-101B

Qubit™ 2.0 Fluorometer Invitrogen Cat# Q32866

Nanodrop 2000 Spectrophotometer

Owl™ EasyCast™ B2 Mini Gel Electrophoresis
device

ChemiDoc™ MP Imaging System

Magnetic rack (DynaMag-2)

Vortex-Genie 2 mixer

Tube Revolver Rotator

Applied Biosystems™ 96 Well Thermal cycler
ART™ Wide Bore Filtered Pipette Tips

Thermo Scientific
Thermo Scientific

Bio-rad

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Scientific
Thermo Scientific
Thermo Scientific

Cat# ND-2000
Cat# 09-528118

Cat# 12003154
Cat# 12321D
Cat# 72258415
Cat# 88881001
Cat# 4375305
Cat# 2069G

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

We used FXS patient-derived human iPSCs with a normal-length (NL), PM, or full mutation-length (ML) FMR1 CGG STR
tract published in our recent public work®" (Figure 2A). We also used human ESCs engineered with defined HTT CAG
STR tracts at normal-length and mutation-length as created by the Brivanlou lab®® (Figure 4A). We acquired ALS patient-
derived iPSC lines with a mutation-length G4C2 STR in the C9ORF72 gene from the Mazzoni lab at New York University

(Figures 4C and 4D).

Tissue samples

FXS human caudate nucleus brain tissue was from NIH donor 5006 (designated as FXS#5006), FXS sample brain tissue (103108GP)

was acquired from UC Davis MIND Institute.””
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METHOD DETAILS

Preparation of buffers and solutions
Human iPSC culture medium
Prepare mTeSR Plus media by mixing 400 mL mTeSR Plus basal medium with 100 mL 5X supplement, supplemented with 1% (v/v)
penicillin-streptomycin. Store media at 4°C and bring to room temperature (RT) before use.
Cell dissociation buffer
Prepare 0.5X TrypLE cell dissociation buffer at RT by diluting 1 volume of 1X TrypLE with 1 volume of 1X PBS without calcium and
magnesium.
10 mM Tris-HCI (pH 8.0) buffer
Prepare 10 mM Tris-HCI (pH 8.0) buffer by adding 0.1 mL 1 M Tris-HCI (pH 8.0) to 9 mL nuclease-free water at RT.
crRNA stock solution (100 M)
Prepare 100 pM crRNA stock solution by resuspending 5 nmol crRNA in 50 pL TE (pH 7.5).
Store aliquots at —80°C and thaw on ice before use.
tracrRNA stock solution (100 uM)
Prepare 100 pM tracrRNA stock solution by resuspending 5 nmol tracrRNA in 50 pL TE (pH 7.5). Store aliquots at —80°C and thaw on
ice before use.
Cell lysis buffer
Prepare 50 mL of fresh cell lysis buffer at RT by mixing 500 uL of 1 M Tris-HCI (pH 8.0), 400 pL of 0.5 M EDTA (pH 8.0), 1250 pL of 20%
SDS (w/v) in nuclease-free water.
Preparation of the Matrigel-coated plate
Coat iPSC culture plates with 1.2% (v/v) Matrigel hESC-Qualified Matrix in DMEM/F-12 for at least 1 h at 37°C. Perform all below
steps at room temperature are 24°C unless otherwise stated in the protocol.

Cell culture and cell counting

Culture human iPSC lines in mTeSR Plus media supplemented with 1% (v/v) penicillin-streptomycin on Matrigel hESC-Qualified
Matrix-coated plates at 37°C and 5% CO,. To maintain the physical separation of single colonies without merging, routinely pas-
sage cells when they reach 60-70% confluence every 4-5 days. For iPSC passaging, incubate plates in Versene solution at 37°C
for 5 min, followed by deactivation of Versene with 2X volume of mTeSR Plus media, spin down cell pellets at 200 x g for 3 min.
Resuspend hiPSC pellets with mTeSR Plus media and split cell suspension into multiple new Matrigel matrix-coated plates. To
count cells, incubate hiPSCs with 0.5X TrypLE cell dissociation buffer on the plate for 4 min. Then gently pipette to dissociate
human iPSC colonies into single cells. Take 100 pL of suspended cells into a new microcentrifuge tube and add 100 pL 0.4%
Trypan Blue (final concentration 0.2%). Mix gently and incubate for 2 min at RT. Count cell numbers manually with a hemocytom-
eter or use the Countess automated cell counter to get cell numbers. Aliquot 5-10 million cells into each 2 mL microcentrifuge
tube, spin down at 300 x g for 5 min to pellet the cells, remove supernatant, and flash-freeze pellets in liquid nitrogen. Store pellets
at —80°C until use.

Southern blotting

The company (Celplor, Inc.) performed Southern blotting assay according to the manufacturer’s instructions. Briefly, double digest
approximately 10 pg genomic DNA with 10 units of enzyme (EcoRI and BssHII) overnight at 50°C for 8 h, then ethanol-precipitate, and
resuspend the digested DNA in 1x loading buffer. Separate samples on a 0.8% agarose gel (14-16 h, 45 mA), depurinate (0.25 N HCI,
10 min), denature (0.4 N NaOH/0.6 M NaCl, 30 min), and neutralize (1.5 M NaCl/0.5 M Tris-HCI pH 7.5, 30 min). Then transfer DNA to a
nylon membrane using 10x SSC overnight, rinse the membrane in 2x SSC, and bake at 80°C for 2 h. Prehybridize membrane in Easy-
Hyb buffer at 55°C, 3 h (Roche #11603558001) and hybridize overnight with a DIG-labeled GeneProber (Gene Link #40-2004-41).
Post-hybridization, two washes in 2x SSC/0.1% SDS (RT, 5 min) and two washes in 0.5x SSC/0.1% SDS (60°C, 15 min). Block
membrane in Buffer MB (Gene Link# 40-5026-10) (RT, 30 min), incubate with Anti-DIG-alkaline phosphatase (1:10,000, 30 min,
RT), wash the membrane twice, 15 min per wash in 200 mL of 1x Buffer M (Gene Link# 40-5025-20) at RT, and equilibrate in detection
buffer for 2 min, repeat 2 times. Detect signal with CDP-Star substrate (Gene Link #40-5010-10) and visualize on X-ray film with 1 h to
overnight exposure.

AmplideX mPCR of FMR1 CGG STR

The company (Asuragen, Inc.) performed AmplideX FMR1 PCR assay using the AmplideX mPCR FMR1 Kit (Asuragen, #49442)
following the manufacturer’s protocol. Briefly, 8 uL of genomic DNA were digested with restriction enzymes in parallel FAM (control)
and HEX (methylation-sensitive) reactions at 37°C for 2 h followed by 4°C. Digestion products were amplified in parallel reactions
using the kit-supplied mPCR GC-Rich Amp Buffer, GC-Rich Polymerase Mix, and mPCR FAM- or HEX-primers, under the following
cycling conditions: 95°C for 5 min; 27 cycles of 97°C for 35 s, 62°C for 35 s, and 72°C for 4 min; final extension at 72°C for 10 min; hold
at 4°C. PCR products were separated by capillary electrophoresis using Formamide/ROX 1000 Size Ladder solution. We analyzed
electropherograms with GeneMapper 4.0/4.1 to determine CGG repeat length (by fragment sizing).

e5 Cell Reports Methods 6, 101341, March 23, 2026



Cell Reports Methods ¢? CelPress

OPEN ACCESS

Multiplex analysis of STR by target nanopore sequencing (MASTR-seq)

We targeted FMR1, HTT, and C90rf72 STR loci using MASTR-seq, which combines CRISPR-Cas9 genomic digestion, size selection
with nanopore library preparation and sequencing. We performed MASTR-seq as described in our recent work® with several
modifications.

HMW genomic DNA preparation and quality assay

We obtain HMW DNA from 5-10x 108 iPSCs or 20 mg brain tissue with commercial kits (NEB #T3050S/3060S). Use a broad range
dsDNA quantitation kit to detect HMW genomic DNA concentration. Assess gDNA purity with OD260/280 by Nanodrop. Check integ-
rity of HMW DNA on a 0.6% 1X TAE agarose gel with 1 kb Extend DNA ladder (NEB#N3239S). For unsheared high-quality HMW DNA,
we expect most of the DNA to be larger than 48.5 kb.

Guide RNA design and crRNA/tracrRNA annealing

We designed 4-6 crRNAs upstream and downstream of each STR using CHOPCHOP v3.0 (hg38, CRISPR-Cas9, nanopore enrich-
ment mode; Figure S1; Table S1). We synthesized custom lyophilized crRNAs (2 nmol each) and tracrRNA (2 nmol, IDT 1072532),
resuspended them to 100 pM in 10 mM Tris-EDTA (pH 7.5), and pooled the crRNAs equally. We prepared the duplex mix by
combining pooled crRNAs (10/N pM each, where N is the number of crRNAs) with 10 pM tracrRNA in Duplex Buffer (IDT). We an-
nealed crBRNAs and tracrRNA by heating at 95°C for 5 min followed by cooling to room temperature, generating crRNA-tracrRNA
duplexes.

Cas9 RNP assembly

We assembled CRISPR-Cas9 ribonucleoprotein (RNP) complexes in vitro in a 100 pL reaction, containing 10 pL of 10 pM crRNA.-
tracrRNA pool, 10 pL of 10X NEB CutSmart buffer, 78.4 pL nuclease-free water (Sigma-Aldrich#W4502), and 1.6 pL of 62 pM HiFi
Cas9 (IDT#1081060). We incubated the mixture at room temperature for 30 min and then placed it on ice until use.

HMW genomic DNA dephosphorylation

For each reaction, we used 5 ug DNA and dephosphorylated it with 3 pL QuickCIP (NEB# M0525S) in 1x rCutSmart Buffer. We
commonly setup 2-3 replicates for each sample. Employ a thermal cycler to incubate above samples at 37°C for 20 min, followed
by 80°C for 2 min, then hold at 20°C.

Cas9 RNP cleavage, dA tailing and purification

We digested dephosphorylated genomic DNA by incubating 5 pg DNA with 10 pL Cas9 RNPs, 10 mM dATP (Thermo
Scientific#R0141), and 1 uL Taq polymerase (NEB#M0273) at 37°C for 60 min, followed by dA-tailing at 72°C for 5 min. We purified
Cas9-cleaved DNA by adding 16 pL 5 M ammonium acetate (Invitrogen,#AM9070G) and 126 pL cold 100% ethanol, centrifuging at
16,000 x g for 5 min. We washed the DNA pellet twice with 70% ethanol, air-dried for 5 min at room temperature, and resuspended in
20 pL 10 mM Tris-HCI (pH 8.0) at 50°C for 1 h. For replicate reactions (typically 3 replicates per sample), we pooled pellets and re-
suspended them in 60 pL 10 mM Tris-HCI (pH 8.0). We stored DNA at 4°C or proceeded directly to size selection.

BluePippin size selection

We size-selected Cas9-digested DNA on the BluePippin system (Sage Science) using the “0.75DF 3-10 kb Marker S1” cassette in 4—
15 kb size range mode. Before loading, we calibrated optics, replaced cassette elution buffers with 40 pL fresh electrophoresis buffer,
and sealed wells with adhesive strips. We prepared samples by mixing 60 pL DNA with 20 pL loading solution. We loaded 40 pL. DNA
marker S1 in lane 1 as reference lane, per sample (total volume = 80 pL), loaded 40 pL of each DNA sample across two wells. Each
cassette accommodated two samples across four wells. We ran the program (~5 h), pooled the eluted fractions (~80 pL per sample),
and quantified DNA with a Qubit fluorometer.

Library preparation and sequencing

For barcode ligation, we added 3 pL of a unique barcode from SQK-NBD114.24 kit to 47 pL of volume normalized DNA sample,
then added 50 pL of Blunt/TA Ligase Master Mix (NEB) and mixed them for each sample. We incubated the mixture at RT for
10 min, spun down, and then put on a magnet. We washed the beads with 200 pL of freshly prepared 70% ethanol, without dis-
turbing the pellet, twice, and allowed to dry for 30-60 s. We then resuspended the remaining pellet in 16 L of nuclease-free water
when processing four or fewer samples. For more than four samples, pellets from different samples were pooled and resuspended
together in a total volume of 66 pL of nuclease-free water, followed by incubation at room temperature for 10 min. We placed the
reaction on a magnet and transferred 65 pL of supernatant into a clean 1.5 mL Eppendorf DNA LoBind tube. We quantified sam-
ples using a Qubit fluorometer, together with the Qubit dsDNA HS assay kit (Thermo Fisher Scientific). We ligated adapters by first
adding 20 pL NEBNext Quick Ligation Buffer (NEB#E6056S), 10 pL NEBNext Quick T4 DNA ligase (NEB#E6056S), and 5 pL Native
Adapter (NA) at room temperature in a separate 1.5 mL Eppendorf DNA LoBind Tube. We mixed the ligation reaction thoroughly.
We firstly added 20 pL of the adapter ligation reaction to the pooled native barcode-ligated samples and mixed. Immediately after
mixing, we added the remaining 15 pL of the adapter ligation mix to the native barcode-ligated sample, to yield a 100 pL ligation
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mix. We incubated the reaction for 10 min at room temperature. Then, we added 1 volume (100 pL) of TE (pH 8.0) to the ligation
mix, followed by adding 0.4x volume (80 pL) of AMPure XP Beads. We incubated the sample for 10 min at room temperature,
placed back on the magnet, and removed the supernatant. We washed the beads with 250 pL Long Fragment Buffer (LFB) twice
and then air-dried for ~30 s. We eluted the library off the beads in 14 pL Elution Buffer (EB). We mixed 13 pL of the library with
37.5 pL sequencing buffer (SQB) and 25.5 pL loading beads (LIB) and loaded onto the MinlON flow cell. We performed sequencing
for 48 h using MinKNOW default settings.

STR tract length and DNA methylation analysis

We process raw sequencing data (pod5 files) for base-calling, alignment and sample demultiplexing using Dorado (version 0.7.3). To
ensure accessibility and reproducibility, we implemented a streamlined computational workflow in snakemake (https://github.com/
chuanbinhub/MASTRseq). The pipeline uses demultiplexed, sorted, and indexed BAM files together with unaligned BAM files as
input, and generates visualized STR counts, promoter CpG methylation profiles, and STR loci CpG methylation. Based on STR types
and loci (FMR1, HTT and C90rf72), users can specify custom parameters. The workflow automatically produces STR tract length and
DNA methylation plots.

QUANTIFICATION AND STATISTICAL ANALYSIS

We developed a python-based tool to quantify STR lengths from aligned and demultiplexed BAM files generated from R10.4.1 flow
cell. The pipeline applies the following steps:1). Filtering: reads are retained if they (i) exceed the expected length of the Cas9-cleaved
normal allele, (i) align to the target region, and (jii) contain a user-defined conserved anchor sequence near the STR. 2). Repeat count-
ing only if each read passing filters: (i) at least 4x STRs in tandem, (ii) exact matches to the STR motif are counted. Optionally, reads
with only 2-3 repeat units are retained if expected in wild-type alleles (e.g., C9orf72 GGCCCC). Specific filtering for R9.4.1 data: due
to the lower read quality of R9.4.1 flow cells compared to R10.4.1, additional filtering is applied: (i) The two detected blocks of at least
4 tandem repeats must not be separated by more than a user-defined threshold of non-STR bases, (i) Reads containing large
consecutive “TAA”, “TG”, or “CAA”, likely from sequencing errors, are excluded. Finally, we quantified the number of repeat units
in the continuous STR tract and plotted representative nanopore long-reads for visualization.

For quantification of DNA methylation, when using data produced with the R9.4 flow cell, we employed distinct methods for calling
DNA methylation at the FMR1 promoter region (500 bp upstream to TSS) and FMR1 CGG tract, respectively. We utilized nanopolish
(version 0.13.2) to identify CpG methylation within the 500 bp FMR1 promoter (hg38, chrX: 147911419-147911919). Given nanopol-
ish’s limitation in calling DNA methylation over a variable number of CGG triplets, we used STRique (version 0.4.2) to call methylation
of CpGs over the CGG tract in normal-length, PM, and ML iPSCs. For the quantification of CpG methylation at the FMR1 promoter
using nanopolish, we indexed the fast5 files using the ‘Index’ command. We applied the ‘call-methylation’ command to detect CpG
methylation within the specified windows of GRCh38-hg38 for FMR1 loci (chrX:147,902,117-147,960,927). Methylated and unme-
thylated states were computed based on log?2 likelihood values, with >0.1 considered as methylated. The proportion of methylated
CpGs is computed for each single molecule read. The resulting proportions are visualized as kernel distribution estimation plots using
the ‘density’ function in R.

To ascertain CpG methylation specifically at the CGG STR in the 5'UTR of FMR1 using STRique, we processed the fast5 files with
the ‘index’ command. We computed methylation status and CGG counts using the ‘count’ command with the respective models
‘r9_4_450bps_mCpG.model’ and ‘r9_4_450bps.model’. We retained reads with prefix and suffix scores greater than 4 for further an-
alyses. Those with scores <4 exhibit low-quality mapping to the upstream and downstream regions of the CGG tract. Subsequently,
we calculated the number of methylated CGGs and presented them as jitter plots using the R ggplot2 package.

For data produced recently using the upgraded R10.4 flow cell, the leading nanopolish and STRique algorithms are not compat-
ible with the reads. We developed a MASTR-seq snakemake pipeline to directly analyze Dorado basecalling results. Dorado out-
puts a modified bam file where the ‘MM’ tag of each read stores which cytosines in the read were detected as a CpG and the ‘ML’
tag stores methylation likelihood at every detected CpG. For analysis of CpG methylation around the STR, such as the gene pro-
moter, we utilize the modkit extract command from the Oxford Nanopore modkit tool. The modkit extract command analyzes the
‘MM’ and ‘ML’ tags and the alignment information for each read in the modified bam file from Dorado and provides a text file that
stores CpG methylation likelihood at each genomic locus in each read. Our code can be used to visualize CpG methylation around
the STR. Modkit requires information about where each CpG aligns to the reference genome, which does not exist for mutation-
length STRs that exceed the length represented in the reference genome. Therefore, for analysis of CpG methylation within the
STR, we process the ‘MM’ and ‘ML’ tags in an unaligned Dorado-produced bam file in the snakemake pipeline. We trim the
read sequence, ‘MM’ tag, and ‘ML’ tag to only contain information within the STR and plot the fraction of CpGs methylated within
the STR tract.

On-target reads calculation

We calculate the average coverage of the FMR1 target region, which includes the 500 bp upstream, the FMR71 CGG STR, and 500 bp
downstream regions. The analysis uses the hg38 reference genome at coordinates chrX:147911551-147912610. The on-target
average coverage is the average number of times a nucleotide is represented by a high-quality base.”® On-target reads are defined
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as any read that contains at least 1 bp overlap with a target region. Off-target reads contain no target-overlapping bases. We
obtained the average coverage of target regions and number of on-target reads using the ‘samtools’ functions ‘coverage’ with
the parameters “-A -w 42 -r chrX:147911551-147912610”. We calculated ‘total-aligned’ reads using ‘samtools’ command ‘view’.
We calculated on-target reads percentage using the following formula:

on target reads number
total aligned reads number

on target reads percentage = 100%

We calculated off-target reads percentage using the following formula:

on target reads number
total aligned reads number

off target reads percentage = (‘I — ) 100%

CpG DNA methylation analysis at the FMR1 promoter using nanopolish and data derived from an R9.4.1 flow cell
i. Using the Nanopolish tool, we start by indexing the fast5 files using the ‘Index’ command.”®
nanopolish index -d [fast5 folder directory] [demultiplexed fastq directory]/file01.fastq
ii. Subsequently, we use the ‘call-methylation’ command to determine CpG methylation within the specified window
‘chrX:147,902,117-147,960,927’ for FMR1 target loci.

nanopolish call-methylation -t 10 -r [demultiplexed fastq directory]/file01.fastq -b [aligned_sorted bam directory]/file01.sor-
ted.bam -g [hg38 fasta reference directory]/hg38.fa -w “chrX:147902117-147960927” > [Output_folder]/file01_CpG.tsv.

iii. We determine methylated and unmethylated states based on Log?2 likelihood values, considering >0.1 as methylated.

iv. Then, we calculate the proportion of methylated 19 CpGs in each single-molecule read from each sample.

v. Lastly, we use custom scripts to calculate the proportion of methylated CpGs across 19 CpG sites within FMR1 promoter re-
gion and use the density function in R to plot the proportion of methylated CpGs, generating Kernel Density Estimation (KDE)
plots for visualizing methylation distributions across samples. We used visualization code from our recently published primary
research paper.®’

CpG DNA methylation analysis at the CGG STR using STRique and data derived from an R9.4.1 flow cell
i. Weindex fast5 files by using the index command in the STRique tool, linking bam files to nanopore raw file(fast5) for methylation
analysis.

python3 [STRique directoryl/scripts/STRique.py index —recursive [fast5 directory] > [fast5 directory]/reads.fofn

ii. We compute CGG STR methylation status by running the count command with specified models, r9_4_450bps_mCpG.model
and r9_4_450bps.model.

awk ($3~“chrX”)’?* [sam file directory]/file01.sam | python3 [STRique directory]/scripts/STRique.py count [fast5 directory]/read-
s.fofn [STRique directory]l/models/r9_4_450bps.model [STRique directory]/config/repeat_config.tsv -mod_model [STRique direc-
tory]l/models/r9_4_450bps_mCpG.model > [Output directory]/file01_STR.tsv.

Note: In the config file <repeat_config.tsv>, the target STR genome coordinates are based on hg38 reference.

iii. We filter out all reads with scores <4, which indicate low-quality alignment with flanking regions of the CGG STR tract. We only
retain reads with high prefix and suffix scores (>4) for downstream visualization.
iv. Subsequently, we calculate the number of methylated CGGs and generate jitter plots using.

R software. The scripts used for filtering and visualization was used and available in our recently published research paper.°®’
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