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Method

Resolving the chromatin impact of mosaic variants

with targeted Fiber-seq
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Elliott G. Swanson,? Jane Ranchalis,’ Mitchell R. Vollger,' Katherine M. Munson,?
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"Division of Medical Genetics, University of Washington School of Medicine, Seattle, Washington 98195, USA; 2 Department of
Genome Sciences, University of Washington, Seattle, Washington 98195, USA; 3Brotman Baty Institute for Precision Medicine,

Seattle, Washington 98195, USA

Accurately quantifying the functional consequences of noncoding mosaic variants requires the pairing of DNA sequences
with both accessible and closed chromatin architectures along individual DNA molecules—a pairing that cannot be
achieved using traditional fragmentation-based chromatin assays. We demonstrate that targeted single-molecule chromatin
fiber sequencing (Fiber-seq) achieves this, permitting single-molecule, long-read genomic, and epigenomic profiling across
targeted >100 kb loci with ~10-fold enrichment over untargeted sequencing. Targeted Fiber-seq reveals that pathogenic
expansions of the DMPK CTG repeat that underlie Myotonic Dystrophy 1 are characterized by somatic instability and dis-
ruption of multiple nearby regulatory elements, both of which are repeat length-dependent. Furthermore, we reveal
that therapeutic adenine base editing of the segmentally duplicated y-globin (HBGI/ HBG2) promoters in primary human
hematopoietic cells induced toward an erythroblast lineage increases the accessibility of the HBGI promoter as well as neigh-
boring regulatory elements. Overall, we find that these non—protein coding mosaic variants can have complex impacts on
chromatin architectures, including extending beyond the regulatory element harboring the variant.

[Supplemental material is available for this article.]

Mosaic variants play a central role in the pathogenesis of
Mendelian conditions, cancer, autoinflammatory diseases, and ag-
ing via altering the amino acid sequence of protein-coding genes
or the gene regulatory elements critical for the appropriate expres-
sion of these genes (Bamford et al. 2004; Holzelova et al. 2004;
Poduri et al. 2013; Luks et al. 2015; Alriyami and Polychronakos
2021). Although robust tools exist for detecting mosaic variants
(Kim et al. 2018; Benjamin et al. 2019; Krishnamachari et al.
2022), quantifying the functional impact of noncoding mosaic
variants on overlying chromatin architectures has proven to be
more challenging. For example, germline variants that alter chro-
matin architectures are often detected by identifying ATAC-seq
or ChIP-seq peaks with allelically imbalanced read counts.
However, by definition, mosaic variants have allelically imbal-
anced read counts, confounding the ability to accurately disentan-
gle the relative contribution of the variant on chromatin
accessibility, especially since the variant allele fraction of a mosaic
variant can shift depending on which section of a tissue is profiled.
Furthermore, these short-read methods are ill-suited for identify-
ing neighboring regulatory elements that may be altered by a var-
iant as the reads are often <150 bp in length, resulting in a myopic
view of how mosaic variants impact gene regulatory architectures.

Long-read sequencing allows for the precise identification of
single-nucleotide and structural variants across individual multi-
kilobase sequencing reads. Moreover, recent advances in single-
molecule chromatin fiber sequencing (Fiber-seq) enable the co-
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identification of genetic variants and chromatin architectures
along individual chromatin fibers (Abdulhay et al. 2020; Lee
et al. 2020; Shipony et al. 2020; Stergachis et al. 2020; Altemose
et al. 2022; Cheetham et al. 2022). For example, Fiber-seq uses
nonspecific N®-adenine methyltransferases (m6A-MTases) to se-
lectively mark regions of chromatin accessibility and protein occu-
pancy along individual DNA molecules via m6A-modified bases
(Stergachis et al. 2020). m6A-modified bases along with endoge-
nous CpG methylation are then detected using PCR-free long-
read sequencing (Clark et al. 2012; Marks et al. 2012; Murray
etal. 2012; Loman et al. 2015; Topfer and Wenger 2023), enabling
the single-molecule detection of genetic and chromatin informa-
tion with the ability to evaluate these features within challenging
genomic regions that are known to play a pivotal role in many hu-
man diseases (Cooper et al. 2011). We hypothesized that the sin-
gle-molecule long-read nature of Fiber-seq would be well-suited
for investigating the chromatin impact of mosaic variants and
sought to create a targeted version of Fiber-seq that would combine
the single-molecule and nucleotide precision aspects of Fiber-seq
with targeted high-molecular-weight DNA enrichment (i.e., tar-
geted Fiber-seq) (Fig. 1A). With a known locus of interest, high-mo-
lecular-weight DNA enrichment can drastically reduce sequencing
costs compared to a whole-genome approach. This is especially
useful to analyze mosaic variants, where deep sequencing may
be required for sufficient coverage of a variant. It also enables the
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Figure 1. Targeted Fiber-seq methodology. (A) Schematic of targeted Fiber-seq protocol. (B) Fiber-seq percent actuation (red), ENCODE DNase-seq

(blue), and per-base targeted Fiber-seq coverage are shown across targeted loci. (C) Violin plot of per-base coverage over the targeted regions, compared
to a nontargeted region (Chr14:20283833-20402650, hg38). (D) Relative enrichment of targeted loci relative to WGS (see Methods). (E) Relative enrich-
ment across all samples and targets. (F) Zoom-in of an illustrative locus showing m6A events (purple ticks) across individual fibers.

inclusion of more individuals and/or tissue types to more broadly
capture the diversity of chromatin states contributing to a pheno-
type of interest.

Results

To assess the chromatin impact of variants across extended geno-
mic loci, we designed targeted Fiber-seq to simultaneously capture
multiple 100-250 kb genomic loci using a CRISPR-Cas9 targeting
approach. Specifically, four wells of an HLS-SAGE cassette are each
loaded with 0.5-1.5 million nuclei treated with m6A-MTase. These
samples are then subjected to in-gel DNA extraction and CRISPR-
Cas9 release of the targeted loci. The released DNA fragments are
then separated and eluted from the gel using pulse-field electro-
phoresis, sheared to ~13 kb, barcoded, multiplexed, and then
sequenced using single-molecule long-read sequencing (Fig. 1A).

As a proof of concept, we first applied targeted Fiber-seq to
cultured lymphoblastoid cells (GM04820), which represented
58% of the total mass loaded onto a Pacific Biosciences (PacBio)
Sequel II SMRT cell. A median of 101-164x coverage was achieved
across all three targeted loci (Fig. 1B,C), corresponding to ~20-fold
enrichment compared to whole-genome approaches (Fig. 1D;
Methods). A median of 10-fold enrichment was obtained across
all samples (Fig. 1E).

Comprehensive, deep-coverage epigenetic profiles revealed
marked heterogeneity within the chromatin architecture of indi-
vidual chromatin fibers. For example, although the SNRPD2/
QPCTL bidirectional promoter was marked by accessible chroma-
tin on each fiber, the boundaries of this accessible promoter ele-
ment, as well as the positioning of an internal nucleosome
varied across the individual reads (Fig. 1F), indicating that the pre-
cise pattern of accessibility within a promoter can vary quite sub-
stantially from fiber to fiber.

Given the potential for targeted Fiber-seq to synchronously
resolve alterations in both the genome and chromatin epigenome
at single-molecule resolution, we next applied targeted Fiber-seq to
evaluate the chromatin impact of the unstable CTG expansion in
the 3' UTR of the gene DMPK, which causes Myotonic Dystrophy 1

(DM1) (Brook et al. 1992; Buxton et al. 1992; Fu et al. 1992; Harley
etal. 1992; Mahadevan et al. 1992). DM1 is adominantly inherited
trinucleotide repeat disorder characterized by muscle weakness,
myotonia, early cataracts, and other symptoms, which become
progressively more severe with age. DMPK CTG repeat expansions,
which are somatically unstable (Anvret et al. 1993; Ashizawa et al.
1993; Wong et al. 1995), disrupt RNA pathways (Hamshere et al.
1997; Klesert et al. 1997; Miller et al. 2000; Frisch et al. 2001;
Ranum and Day 2004; Ravel-Chapuis et al. 2012; Meola and
Cardani 2015), and locally alter chromatin compaction and CpG
methylation (Otten and Tapscott 1995; Filippova et al. 2001;
Lopez Castel et al. 2011). However, the extent to which repeat ex-
pansions impact chromatin compaction and CpG methylation is
not well resolved owing to the inherent limitations of traditional
methods. Specifically, the precise boundaries of chromatin accessi-
bility disruptions, the prevalence, and the co-occurrence of these
changes on individual chromatin fibers remain unknown.

To address this, we applied targeted Fiber-seq to enrich for the
DMPK locus in fibroblasts from four symptomatic individuals in a
family with DM1 (Fig. 2A). Using reads overlapping the DMPK
CTG repeats, we quantified repeat instability at single-molecule
resolution (Fig. 2B; Supplemental Fig. S1). We found that, whereas
the affected individual in the first generation of this pedigree had a
median pathogenic DMPK CTG repeat expansion of 59.5 CTGs
and a range of 20 CTG units, DPMK CTG repeats in individuals
in the second and third generations were consistently >1000
CTGs, with individual chromatin fibers differing by almost 2000
CTG repeats within an individual donor (Supplemental Fig. S1).

We nextleveraged the underlying highly accurate sequencing
information to haplotype-phase reads from each donor within the
160 kb targeted region, thereby identifying whether it arose from
chromatin fibers containing the normal or pathogenic repeat ex-
pansion (Fig. 2C; Supplemental Fig. S2; Methods). Pathogenic
DMPK CTG repeat expansions have previously been associated
with increased CpG methylation upstream of the CTG repeat,
which has been proposed to directly inhibit CTCF occupancy at
an upstream element (Filippova et al. 2001). Additionally, de-
creased DNase I hypersensitivity of the downstream SIX5 promoter
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Figure 2. Haplotype-resolved chromatin accessibility and CpG methylation at the DMPK 3’-UTR CTG expansion in DMT1 fibroblasts. (A) Family pedigree

representing fibroblast donors. Labels inside each shape represent the CTG copy number within the pathogenic and normal allele, respectively. (B) CTG
count across sequencing reads that fully span the CTG repeats, grouped by haplotypes. The red dashed line at 35 represents the threshold above which
CTG expansions are unstable. (C) Browser tracks comparing the chromatin architecture of the normal haplotypes to the expanded haplotypes from gen-
erations II/1ll and generation I. The difference in CpG methylation is compared (yellow—P<0.01, orange—P < 0.001, red—P<0.0001, Fisher’s exact test),
as well as percent actuation of the normal (light blue), generations II/lll expanded (red), and generation | expanded (green) haplotypes. Fiber-seq peaks
from the normal haplotypes are shown below and are colored to represent a statistically significant decrease in chromatin accessibility on the generation I1/1ll
haplotypes (red) compared to normal. There were no significant changes between the normal and generation | (green) expanded haplotype. ENCODE
DNase-seq and CTCF ChlIP-seq are above in blue and gray, respectively. (D) CTCF footprinting at the CTG-adjacent CTCF-binding site. Footprints were
classified as accessible if they were fully overlapped by a methylation-sensitive patch, and accessible footprints were classified as CTCF bound if they did
not contain any m6A (P=0.010, Fisher’s exact test comparing CTCF bound to unbound [inaccessible plus accessible but unbound]). (E) Volcano plot
of chromatin actuation difference at each accessible peak from the normal haplotype peak set within the targeted locus, compared between normal
and expanded fibers from generation | (green) and generations II/Ill (red). The two peaks with increased accessibility in expanded fibers (upper right quad-
rant) are likely explained by SNPs local to each region (Supplemental Note). P-values were calculated by Fisher’s exact test. The gray dashed horizontal line
indicates the nominal significance threshold (P<0.05), and the purple dashed line indicates the Benjamini-Hochberg FDR-corrected significance thresh-
old. (F) Plot of CpG methylation difference versus chromatin actuation difference at the peaks described in E. Significant and nonsignificant points from
E are shown in red and gray, respectively.

has also been observed, along with reduced SIX5 mRNA levels
(Klesert et al. 1997). The CpG methylation data obtained via tar-
geted Fiber-seq demonstrates that pathogenic DMPK CTG repeat
expansions from individuals in the second and third generation
are associated with a focal 1 kb hyper-CpG methylated domain up-
stream of the CTG repeat that extends to the end of the overlap-
ping CpG island. Notably, this hyper-CpG methylated domain
does not include the upstream CTCF element, but rather initiates
immediately after it (Fig. 2C). In contrast, CpG methylation down-
stream from the DMPK CTG repeat is unchanged—indicative of a
focal, directional impact of the pathogenic repeat expansion on
CpG methylation.

Along the nonpathogenic haplotype, the DMPK CTG repeat is
bookended downstream by the accessible SIX5 promoter, and up-
stream by both a CTCF bound accessible element and an adjacent

accessible element positive for H3K4me1/H3K27ac in ENCODE fi-
broblast data sets (Fig. 2C; Supplemental Fig. S2). Of note, this up-
stream accessible element maps within a region that was previously
reported to harbor a putative SIX5 enhancer, but the exact position
of the enhancer within this region had not been determined
(Yanovsky-Dagan et al. 2015). Leveraging the paired Fiber-seq chro-
matin architectures along each fiber, we observed that the putative
SIX5 enhancer is encompassed by the 1 kb hyper-CpG-methylated
domain, and chromatin accessibility is largely ablated across the re-
peat expansion haplotypes from the second and third generation
(Fig. 2C,E,F; Supplemental Note) (P-value=7.3 x 107, Fisher’s ex-
act test with Benjamini-Hochberg false discovery rate [FDR] correc-
tion). This result demonstrates a direct link between DMPK repeat
expansion, focal CpG hypermethylation, and reduced chromatin
accessibility at this upstream element.
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Although the hyper-CpG methylated domain did not overlap
the CTCF-binding motif, there was a substantial reduction in chro-
matin accessibility of the underlying regulatory element in
expanded fibers from the second and third generations (P-value
=3.8x107%, Fisher’s exact test with Benjamini-Hochberg FDR
correction). Utilizing the near single-base pair resolution of target-
ed Fiber-seq, we classified fibers at the CTCF motif as accessible and
CTCF bound, accessible and unbound, or inaccessible (Fig. 2D).
Compared to fibers from normal haplotypes which were 52%
bound by CTCF, 24% expanded fibers from the second and third
generation were CTCF bound (P-value=0.010, Fisher’s exact
test). This reduction in binding was correlated with an increase
in nucleosome occupancy overlapping the CTCF-binding motif.
Together, these results indicate that hyper-CpG methylation
directly within the upstream CTCEF-binding element is not re-
quired to inhibit CTCF binding on CTG-expanded fibers, as has
previously been suggested by in vitro studies which demonstrate
that CpG methylation of a DNA oligonucleotide containing the
upstream CTCF motif can inhibit CTCF binding (Filippova et al.
2001).

We next sought to detect any long-range chromatin impacts
associated with these altered elements across the 160 kb targeted
domain. We observed that of the 96 annotated TSSs within this tar-
geted region, only actuation of the SIX5 promoter was significantly
reduced along expanded fibers from the second and third genera-
tions (Supplemental Figs. S3, S4) (P-value=0.028, Fisher’s exact
test with Benjamini-Hochberg FDR correction). The canonical
DPMK TSS had unchanged chromatin accessibility, consistent
with findings that suggest posttranscriptional mechanisms drive
reduced DMPK mRNA levels in DM1 (Hamshere et al. 1997;
Frisch et al. 2001). Notably, CpG methylation was unchanged at
the SIX5 promoter, consistent with its altered promoter accessibil-
ity being predominantly driven by a loss of an enhancer, as op-
posed to CpG methylation mediated silencing via the repeat
itself (Fig. 2F). Together, these findings indicate that pathogenic
DMPK repeat expansions disrupt chromatin via a focal alteration
in upstream CpG methylation and chromatin accessibility and im-
plicate this upstream enhancer-like element as an enhancer for
SIXS.

In contrast, we observed that the aforementioned differences
in CpG methylation, chromatin accessibility, and CTCF occupan-
cy were not observed along chromatin fibers from the pathogenic
allele in the first generation, which contains only ~60 CTG re-
peats. This suggests that the observed chromatin phenotype of
DM1 requires a critical number of CTG repeats, which may be
reached either by age-related somatic expansion in adult-onset
DM1 or congenitally present in individuals born with large germ-
line CTG repeats.

Next, we sought to apply targeted Fiber-seq to resolve how
therapeutic base editing of the fetal y-globin promoters (encoded
by HBG1/HBG2) in human CD34"-derived erythroid cells affects
chromatin structure. Reactivation of fetal y-globin expression is a
promising therapy for f-hemoglobinopathies, as y-globin can dis-
rupt the formation of HbS polymerization in sickle cell disease and
supplement B-globin insufficiency in p-thalassemia (Eaton and
Hofrichter 1987; Bollekens and Forget 1991; Akinsheye et al.
2011; Steinberg et al. 2014). The expression of HBG1 and HBG2
are repressed in adulthood by the transcriptional regulator
BCL11A (Sankaran et al. 2008), and base editing therapies that ab-
late BCL11A occupancy of the HBG1 and HBG2 promoters are in
clinical investigation (Beam Therapeutics Inc. 2022). However,
our mechanistic understanding of how base editing the HBG1

and HBG2 promoters impacts fetal y-globin expression is dually
challenged as base editing is often incomplete, which results in a
mixture of edited and unedited haplotypes within a population
of cells, and the HBG1 and HBG2 genes are situated within a highly
similar segmental duplication with 100% sequence identity over
the proximal promoter, limiting short-read chromatin methods
from uniquely profiling this region (Supplemental Fig. S5). To ad-
dress this, we treated CD34" human hematopoietic stem cells
(HSCs) isolated from two healthy donors with a targeted adenine
base editor (ABE) to convert A>G within a binding site for
BCL11A located —113 bp upstream of both the HBG1 and HBG2
TSSs. This same variant is known to cause hereditary persistence
of fetal hemoglobin (HPFH) when present in the germline
(Amato et al. 2014). We induced differentiation toward an erythro-
blast lineage and subjected these cells to targeted Fiber-seq, target-
ing a 118 kb region spanning from the p-globin locus control
region (LCR) to the 3'HS1 (Fig. 3A). Notably, de novo genome as-
sembly of the Fiber-seq reads from each individual revealed that
one of the donors harbored a rare y-globin gene triplication along
one of their haplotypes (Supplemental Figs. S6, S7). Given the pos-
sible confounding features of this triplication event, we removed
reads arising from this triplicated haplotype from our downstream
analyses.

As a first step, we evaluated single-molecule editing efficiency
across the B-globin locus, as well as for altered chromatin architec-
tures induced along the base edited chromatin fibers (Fig. 3A). We
observed that in addition to the targeted —113 A> G edit, edited fi-
bers almost exclusively contained additional A > G edits in the im-
mediate vicinity (Fig. 3B). Although only 34% and 32% of fibers
demonstrated base editing at the HBG1 and HBG2 promoters, re-
spectively (see Methods), we found that if one of the promoters
was edited, the other promoter on that same fiber was also signifi-
cantly likely to be edited (P<0.00001, Fisher’s exact test), suggest-
ing that editing efficiency is largely determined by transduction
and expression of the ABE (Fig. 3C). As such, we grouped fibers ed-
ited at HBG1 and/or HBG2 fibers for further analyses.

Importantly, the long-reads obtained by Fiber-seq enable the
unique mapping of CpG methylation, chromatin architectures,
and ABE-induced base changes to each of the segmentally dupli-
cated HBG1 and HBGZ2 genes (Fig. 3D; Supplemental Fig. S8).
Comparison of the CpG methylation patterns between the edited
and unedited reads demonstrated that base editing of the HBGI
and HBG2 promoters resulted in a significant reduction in CpG
methylation over the entire span of both the HBGI and HBG2
genes.

In addition to this broad change in CpG methylation, we also
saw focal changes in chromatin accessibility. Specifically, base ed-
iting of the HBG1 and HBG2 promoters resulted in a >100% in-
crease in chromatin accessibility of the HBG1 promoter (Fisher’s
exact test P-value=0.00030, P-value=0.0033 after Benjamini-
Hochberg FDR correction), as well as another element located
2.5 kb upstream of the HBG1 promoter (Fisher’s exact test P-val-
ue=0.024, P-value=0.13 after Benjamini-Hochberg FDR correc-
tion) (Fig. 3D; Supplemental Fig. S9). In contrast, chromatin
accessibility at the four other accessible elements within the
HBG1/HBG2 segmental duplication exhibited nonsignificant
changes along the edited fibers, including the HBG2 promoter.
The relatively modest 36% increase in HBG2 promoter accessibility
reflects higher HBG2 promoter accessibility in unedited fibers. Ac-
cessibility of the edited HBG1 and HBG2 promoters was compara-
ble, consistent with previous reports that noted equivalent
expression of the HBG1 and HBG2 gene products, A gamma and

2272 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Impact of mosaic variants with targeted Fiber-seq

A B c =
Adenine base editing BCL11A motit e [ % » S a
HBG1/HBG2 BCL11A element _ Erythroid hg38 sequence CAGCCTTGCLIT ﬁccﬁATﬁ moacicy B3¢ - Only HBG1 edited &
in primary CD34* cells differentiatiol Base |dent|ty[‘lBG1CA CCTTGCCTTCACCAATACOCTTCACA 22535 Only HBG2 edited o
L7 rediing ozl QOO ACHIN TINS5 P I uneiteo
d14 (Fiber-seq) 2> edited sites B § o §

Chr11:5,220,000 | HBG1 HBG2 _ pglobinlcR

D 3’'HS1 H?B H?D HB& BG{.TJ \ / HBlE1 HS1 HS2 HS3 HS4 HS5
- Fat [ (2] ke l l l 2 kb
DNase-seq | wid. o J ok . 1 l,,J_;LJ =
Fiberseq | = D Y Y .

I ‘ML o Al
Segmental duplications (92.5% identical):

P Sy .
DI I

Base-edited

___—  BCLMAsitess —_

Chr11:5,248,000 |

HBG1

100]* Higher mCpG on edited fibers
AmCpG

I HPFH variants

I HPFH variants

HBGZﬁ f

100J Higher mCpG on unedited fbers

30] Edited fibers X LEh
Unedited flbersrr | . Py

Fiber-seq
% actuation o

Fiber-seq peaks mm . -

500 bp
[E—

+
Chromatin acceSS|b|I|ty on edited fibers |ncreiased >100%

% induction ]

100%
s e 1/

Figure 3. Therapeutic base editing of a BCL11A element within the HBG1/HBG2 promoters. (A) Schematic of the experimental paradigm. (B) Sequence
logo showing base editing within the BCL11A binding site in the HBG1 and HBG2 promoters. Letter height corresponds to the relative base frequency. (C)
Percent of fibers with edited BCL11A sites in both HBGT and HBG2 (yellow), HBGT only (dark gray), HBG2 only (light gray), and neither (blue). The top three
categories are grouped as “edited” reads in D. (D) UCSC browser tracks of ABE-edited CD34*-derived erythroid cells. (Top) Comparison of ENCODE DNase-
seq of treated multipotent progenitor cells (blue) and chromatin accessibility (FIRE) of CD34™" derived erythroids (purple) across all fibers mapping within
the targeted region. (Bottom) Zoom-in with comparison of edited and unedited fibers across HBG1 and HBG2. The difference in CpG methylation is com-
pared (unedited minus edited, yellow—P<0.01, orange—P<0.001, red—P<0.0001, Fisher’s exact test), as well as percent actuation of unedited fibers
(blue), and HBGT and/or HBG2 edited fibers (pink). Peak calls for edited reads and percent induction at each peak ([edited percent actuated — unedited
percent actuated]/unedited percent actuated) are displayed at the bottom. Pink peaks and bars represent >100% induction. (*) indicates statistical signifi-
cance (Fisher’s exact test with Benjamini-Hochberg corrected FDR < 5%) (Supplemental Fig. S9).

G gamma, in a HUDEP-2 erythroid model ABE-edited using the
same gRNA as in our study (Ravi et al. 2022). Notably, the four
nonpromoter regulatory elements that we identified within the
HBGI1/HBG2 segmental duplication were enriched for histone
modifications associated with active regulatory elements in hema-
topoietic cells, and chromatin accessibility of these elements was
coupled with the accessibility of the HBG1/HBG2 promoters along
single molecules (Supplemental Fig. S8), suggesting a putative role
as HBG1/HBG2 enhancer elements. Together, these findings dem-
onstrate that base editing of the HBG1 and HBG2 —-113 A> G sites
preferentially occurs along the same chromatin fiber and induces
chromatin accessibility at HBG1, likely in cooperation with adja-
cent enhancer-like elements.

Discussion

Overall, we demonstrate that targeted Fiber-seq enables the pro-
duction of targeted long-read sequencing chromatin maps to re-
solve the heterogeneity of genetic and chromatin architectures
with single-molecule precision. Importantly, as targeted Fiber-
seq enables the synchronous measurement of DNA sequence,
CpG methylation, and chromatin accessibility along the same
+10 kb molecule of DNA, we can directly disentangle the function-
al impact of heterogeneously present genetic variants on neigh-
boring gene regulatory programs. Application of this to the
DMPK and HBGI1/HBG2 loci demonstrated that precise genetic
changes can result in complex alterations in chromatin accessibil-
ity that extend beyond the genetically modified element or the re-
gion with disrupted CpG methylation—alterations that would be

largely hidden from short-read allelic imbalance or long-read
CpG methylation methods.

With combined and phased chromatin accessibility and CpG
methylation on the same chromatin fibers, our results provide new
insight into the chromatin phenotype of DM1. First, our results
substantiate the seemingly contradictory findings that chromatin
accessibility of the SIX5 promoter is decreased (Otten and Tapscott
1995; Klesert et al. 1997) while CpG methylation is unchanged
(Lopez Castel et al. 2011). More broadly, this result highlights
that although CpG methylation and chromatin accessibility are
correlated (The ENCODE Project Consortium 2012), they are not
interchangeable. Second, we show for the first time that reduced
CTCF binding to the element located directly upstream of the
CTG repeat can occur without a corresponding increase in over-
lapping CpG methylation. In vitro binding studies previously
demonstrated that CpG methylation of the CTCF-binding motif
inhibited CTCF binding (Filippova et al. 2001), and so it was pro-
posed that CpG methylation is the mechanism by which CTCF
binding is reduced in vivo. In support of our findings, more recent
studies using Oxford Nanopore Technology (ONT) sequencing
also show variable CpG methylation of the CTCF-binding element
in individuals with DM1 (Rasmussen et al. 2022). However, these
ONT studies are incapable of comeasuring CTCF occupancy.
Comeasurements of CpG methylation, chromatin accessibility,
and single-molecule CTCF footprinting enabled us to eliminate
any confounding factors and directly disentangle this result.

In addition, we demonstrate the utility of targeted Fiber-seq
for resolving both genetic and gene regulatory alterations within
complex genomic regions such as segmental duplications.

Genome Research 2273
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.279747.124/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Bohaczuk et al.

Specifically, we were able to precisely disentangle the genetic and
chromatin architectures of the HBGI and HBG2 genes, demon-
strating that the y-globin —113 A > G variant that is known to cause
HPFH results in the focal increase in chromatin accessibility at the
v-globin gene promoters, as well as at adjacent regulatory ele-
ments. Furthermore, we were able to perform de novo genome as-
sembly on our data to show that one of the donors harbored a rare
v-globin gene triplication along one of their haplotypes. This later
observation enabled us to selectively remove reads arising from
this triplicated haplotype from our analyses above, reducing a pos-
sible confounding feature that would have been largely hidden
from short-read-based chromatin methods.

Our results provide mechanistic insights into the pathogene-
sis of both DM1 and HPFH, precisely delineating enhancer ele-
ments that potentially play a critical role in both of these
conditions. Specifically, we identify that pathogenic DMPK repeat
expansions disrupt an upstream accessible chromatin element
with enhancer-like activity and implicate this upstream enhanc-
er-like element as an enhancer for SIX5, providing a mechanistic
basis for altered SIX5 expression, which is one of the hallmark fea-
tures of DM1. We also found that the size of the CTG expansion
was correlated with both somatic instability and disruptions in
chromatin architecture, raising the possibility that a common
mechanism might contribute to both processes. Notably, these
findings were performed in patient-derived fibroblasts, and further
studies using primary tissues from patients will be helpful to fur-
ther evaluate this mechanism.

Together, these findings emphasize the benefit of targeted sin-
gle-molecule chromatin accessibility assays, such as targeted Fiber-
seq, to fully capture the genetic and functional impact of germline
and mosaic variants. Here, we demonstrated that targeted Fiber-seq
can be successfully applied to both cell lines and primary human
cells. As whole-genome Fiber-seq has also been demonstrated on
nuclei isolated from biopsied human tissue (Grasberger et al.
2024), we expect that the targeted Fiber-seq methodology would
translate to primary human tissue samples as well. We anticipate
that further advances in target capture enrichment will build
upon the benefits delineated in this manuscript. Furthermore, by
unraveling the chromatin basis of these two disease-associated var-
iants, this study highlights additional potential therapeutic epige-
netic targets for both DM1 and p-hemoglobinopathies.

Methods

Cell line culture

The following cell lines/DNA samples were obtained from the
NIGMS Human Genetic Cell Repository at the Coriell Institute
for Medical Research: GMO04820 (lymphoblastoid), GM06076
(fibroblast), GMO04601 (fibroblast), GM04602 (fibroblast), and
GMO04608 (fibroblast). Lymphoblastoid cells were maintained in
suspension in Iscove’s Modified Dulbecco’s Medium (IMDM) media
supplemented with 10% FBS (HyClone SH30396.03IH25-40) and
antibiotic (100 IU/mL penicillin, 100 pg/mL streptomycin, Gibco
15140122) at 37°C and 5% CO; in T-75 flasks. Cells were split 1:10
every 3—4 days. Fibroblasts were maintained in DMEM media with
the same supplementation and incubation as above. Cells were split
1:4 every 5-7 days with 0.25% trypsin-EDTA (Gibco 25200056).

CD34™ cell culture and transduction

CD34" cells from G-CSF-mobilized healthy adult donors were pro-
vided by the Fred Hutch Cell Processing Facility. The cells were re-

covered from frozen stocks and incubated overnight in StemSpan
H3000 medium (STEMCELL Technologies) supplemented with
penicillin/streptomycin, F1t3 ligand (FIt3L, 25 ng/mL), interleukin
3 (10 ng/mL), thrombopoietin (TPO, 2 ng/mL), and stem cell fac-
tor (SCF, 25 ng/mL). Cytokines and growth factors were from
Peprotech. CD34" cells were transduced in low- attachment 6-
well plates with an all-in-one base editing vector HDAd-ABES8e-
sgHBG2 targeting the BCL11A binding sites in the HBG1/2 pro-
moters for fetal hemoglobin reactivation (Li et al. 2022).

In vitro erythroid differentiation of CD34* cells
with O°BG/BCNU selection

Differentiation of human CD34" cells into erythroid cells was
done based on the protocol developed by Douay and Giarratana
(2009). In brief, in step 1, cells at a density of 10* cells/mL were in-
cubated for 7 days in IMDM supplemented with 5% human plas-
ma, 2 IU/mL heparin, 10 g/mL insulin, 330 g/mL transferrin,
1 M hydrocortisone, 100 ng/mL SCF, 5 ng/mL IL-3, 3 U/mL eryth-
ropoietin (Epo), glutamine, and penicillin/streptomycin. In step 2,
cells at a density of 1x 10° cells/mL were incubated for 3 days in
IMDM supplemented with 5% human plasma, 2 IU/mL heparin,
10 g/mL insulin, 330 g/mL transferrin, 100 ng/mL SCF, 3 U/mL
Epo, glutamine, and Pen/Strep. In step 3, cells at a density of 1 x
10° cells/mL cells were incubated for 4 days in IMDM supplement-
ed with 5% human plasma, 2 IU/mL heparin, 10 g/mL insulin, 330
g/mL transferrin, 3 U/mL Epo, glutamine, and Pen/Strep. For the
enrichment of transduced cells, 48 h posttransduction, CD34"
cells were incubated with 50 M OS-Benzylguanine (O°BG) for
1 h. Without washing, 35 M Carmustine (BCNU) was added for
2.5 more hours incubation, after which cells were washed and re-
suspended in fresh medium. Both drugs were purchased from
Millipore/Sigma and freshly prepared. O°BG/BCNU selection was
used to enrich for edited cells in samples PS00208.erythroidl,
PS00209.erythroid2, and PS00316.erythroidl.

Fiber-seq

In-house Hia5 preparation and Fiber-seq were performed as de-
scribed (Stergachis et al. 2020). Briefly, 2-4 x 10° cells were washed
with PBS, lysed in lysis buffer (15 mM Tris-Cl, pH 8, 15 mM NacCl,
60 mM KCI, 1 mM EDTA pH 8, 0.5 mM EGTA pH 8, 0.5 mM sper-
madine, 0.025% IGEPAL) and treated with Hia$5 at 100 U per mil-
lion cells (25°C, 10 min). The reaction was split into four equal
aliquots, and SDS was added to a final concentration of 2%. The
volume of each aliquot was adjusted to 70 uL with suspension buff-
er M2 (Sage Science). Samples used in this study are described in
Supplemental Table S1.

crRNA design

Three crRNAs per side per target were designed within a ~3 kb span
with attention to avoid annotated repeat elements or common var-
iants. The following target windows represent the region flanked by
the innermost crRNAs: Chr4:3006837-3125654 (Chr 4 target),
Chr11:5186600-5304585 (Chr 11 target), and Chr19:45664901-
45825746 (Chr 19 target). ctRNAs were synthesized by IDT. crRNA
sequences are detailed in Supplemental Table S2.

HLS-CATCH

HLS-CATCH was performed according to the manufacturer’s pro-
tocol (Sage Science), using the Non-Core Workflow “CATCH
100-300 kb extr3h enhINJ Sep3h,” with modifications as
described: For the extraction step, post fiber-seq nuclei aliquots
(~6 x 10°-1 x 10° cells/lane) were added to HLS-Sage sample wells,
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and 210 uL of HLS lysis buffer A was added to the reagent wells.
Cassettes were sealed and run for 3 h, 55 V with wave index 1-1.
Meanwhile, ctRNAs (3 per target per side) were diluted to 100
uM in nuclease-free duplex buffer (IDT 11-01-03-01) and annealed
and prepared as specified, using NEB Cas9 (M0386M) or NEB
EnGen Spy Cas9 HF1 (M0667M). The Cas9 reaction mix was in-
jected for 2 min, 80 V with wave index 2-1, and incubated for
30 min at RT. The reagent well was replaced with lysis buffer A
and ran for 3 h, 55 V with a wave index 3-2. The sample was eluted
for 1.5 h, 50 V with wave index 3-1.

Library preparation and PacBio sequencing

Post-CATCH samples were purified with 0.5x volume of Ampure
PB beads and eluted in 52 uL of elution buffer (PacBio 101-633-
500). One microliter was used to quantify sample concentration
using a Qubit dsDNA HS Assay according to the manufacturer’s
protocol. Samples were sheared to 10-15 kb with two passes (one
inversion) through a Covaris gTUBE at 3200 rpm for 2-4 min per
pass in an Eppendorf 5424R centrifuge. Approximately 50 pL per
sample was recovered and barcoded using the SMRTbell Express
Template Prep Kit 2.0 (PacBio) with 5 uL of barcoded adapter
from the Barcoded overhang adapter kit 8A/B for Sequel II se-
quenced samples or the SMRTbell prep kit 3.0 with the SMRTbell
adapter index plate 96A, according to the protocol for each kit
with adjustment for larger sample volume. Samples were se-
quenced by UW PacBio Sequencing Services on a Sequel II SMRT
Cell 8 M with a 30 h movie or on a Revio SMRT Cell 25 M with a
24 h movie.

Fiber-seq processing

Circular consensus sequence reads were generated from raw PacBio
subread files using PacBio CCS (https://ccs.how/) with chunking
and average kinetics information included. Chunks were com-
bined with pbmerge (https://pbbam.readthedocs.io/en/latest/
tools/pbmerge.html). CCS reads were demultiplexed with lima
(https://lima.how/). CpG methylation was called on demulti-
plexed BAM files directly from polymerase Kkinetics using
Primrose/Jasmine (Topfer and Wenger 2023), keeping kinetics
for subsequent m6A calling. m6A and nucleosome calls were gen-
erated with fibertools using a 55 bp nucleosome threshold, 100 bp
combined nucleosome length, and 25 bp distance from the end
(Jha et al. 2024). A small percentage of reads with the proportion
of methylated adenine to all adenines below 0.02 or above 0.4
were excluded from further analysis. Scripts to filter m6A reads
by m6A proportion are available here (https://github.com/
StephanieBohaczuk/Targeted-Fiber-seq/tree/main/mé6a_percent_
filtering) and in Supplemental Code.

Alignment

Reads were aligned to hg38 with ppbmm?2, which revealed that one
of the two CD34" cell donors had a heterozygous duplication of
HBG2 (Supplemental Figs. 56, S7). To resolve this, a custom assem-
bly of the p-globin locus was created with a separate sample from
the same donor (PS00148) using hifiasm (Cheng et al. 2021)
with the -fO flag to create an assembly from reads aligning to
Chr11:5180424-5305559 in hg38. hifiasm yielded two contigs:
a 133 kb contig containing one copy each of HBGI and
HBG2 (2y haplotype) and a 126 kb contig containing one HBG1
copy and two HBG2 copies (3y haplotype). The donor-specific as-
sembly is available here (https://github.com/StephanieBohaczuk/
Targeted-Fiber-seq/tree/main/ABE_hifiasm_assembly) and in
Supplemental Data, and NucFreq plots (Vollger et al. 2019) of
alignment to hg38 and the donor-specific assembly are shown in

Supplemental Figure S7. Reads from this donor aligning to
Chr11:5186600-5304585 in hg38 were remapped to the hifiasm
custom genome and filtered for primary alignments only with
MAPQ score >10. Reads mapping to the 2y haplotype were filtered
from the hg38 alignment and merged with all reads from the sec-
ond donor, who was homozygous for the 2y haplotype. Coverage
of the 3y haplotype was insufficient for follow-up analyses.

Phasing

DM1 reads were phased separately for each sample. First, DeepVar-
iant (Poplin et al. 2018) was used to identify variants and produce a
VCF file. Reads were phased with HiPhase (Holt et al. 2024)
using the “k-mer variant phasing” pipeline with default settings
(https://github.com/mrvollger/k-mer-variant-phasing).

Fiber-seq chromatin accessibility and peak actuation comparisons

To assess chromatin percent actuation, we used the Fiber-
seq Inferred Regulatory Element (FIRE) pipeline version 0.0.4
(https://github.com/fiberseq/fire) (Vollger et al. 2024), a method
that uses a semisupervised machine learning algorithm to predict
the likelihood that a methylation-sensitive patch is a regulatory
element on individual chromatin fibers. The configuration files
used to run FIRE are available on GitHub (https://github.com/
StephanieBohaczuk/Targeted-Fiber-seq/tree/main/FIRE_config) and
in Supplemental Code. The Fiber-seq chromatin percent actuation
tracks in Figures 1, 2, and 3 represent the percent of fibers with
FIRE elements at each base pair. Peaks are called with min_frac_
accessible: 0.15. Reads were grouped as follows for FIRE analysis:
PSO0118 (Fig. 1); normal haplotypes from all DM1 samples
(PS00150, PS00151, PSO0152, PSO0153, PS00442, PS00443, and
PS00444), expanded haplotypes from generation II/IIl DM1 donors
(PS00150, PS00151, PSO0152, PS00153, PS00443, and PS00444), ex-
panded haplotype from generation I DM1 donor (PS00442) (Fig. 2);
edited and unedited 2y-haplotype from CD34" donor 1 and both
haplotypes from CD34" donor 2 (PS00196, PS00208, PS00209,
and PS00316) (Fig. 3D, top track in purple), edited reads from 2y-
haplotype from CD34" donor 1 and both haplotypes from CD34"
donor 2 (PS00196, PS00208, PS00209, and PS00316), unedited reads
from 2y-haplotype from CD34" donor 1 and both haplotypes from
CD34"* donor 2 (PS00196, PS00208, PS00209, and PS00316) (Fig. 3).

Fraction actuation over each peak was computed as the num-
ber of reads with a FIRE score <0.1 anywhere within the ~100-200
bp peak divided by the total number of reads mapped within the
peak. For DM1 analyses, normal and expanded peaks were
compared across peaks called for normal haplotypes from all
DM1 samples (Fig. 3C). For comparison of edited and unedited
CD34*-derived erythroids, edited and unedited peaks were com-
pared across all peaks called for the edited haplotype. Fisher’s exact
test was performed in Python (scipy.stats.fisher_exact) with
Benjamini-Hochberg FDR correction (scipy.stats.false_discovery_
control) using FDR < 5% for statistical significance. The FDR-cor-
rected significance threshold was calculated as 0.05 x (rank of the
smallest significant FDR-corrected P-value+ 1)/total number of
comparisons, corresponding to the P-value that would have been
required for the smallest P-value point that did not reach FDR-
corrected significance to be significant. In Figure 2E and
Supplemental Figure S4, the FDR-corrected significance threshold
is plotted for generation II/IIl samples, but generation I points
above and below this line are accurately classified as significant
or nonsignificant, respectively, following FDR correction. Percent
induction due to editing (Fig. 3C) is calculated as (edited percent ac-
tuated —unedited percent actuated)/unedited percent actuated.
Scripts to reproduce analyses and figures are available on GitHub
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(https://github.com/StephanieBohaczuk/Targeted-Fiber-seq/tree/
main/compare_perc_actuation) and in Supplemental Code.

CpG methylation

To compare CpG methylation, the haplotype tag (1 or 2) was used
to label reads within each BAM, and then BAM files to compare
were merged. “aligned_bam_to_cpg_scores” (Pacific Biosciences
2023) was run with default settings using the “pileup_calling
model.v1.tflite” model. For CpG differences tracks (Figs. 2C, 3D),
MethBat (Holt and Saunders 2023) was used to calculate the differ-
ence in CpG methylation and an associated P-value at each CpG
(i.e., 1 bp input regions). CpG sites that were present as heterozy-
gous variants (>10% frequency) were excluded. For CpG methyla-
tion over peaks (Fig. 2F), peaks were used as input regions. Scripts
to reproduce CpG tracks are available on GitHub (https://github
.com/StephanieBohaczuk/Targeted-Fiber-seq/tree/main/
CpG_tracks) and in Supplemental Code.

Coverage and enrichment

Coverage was calculated at each base pair within the targeted loci.
Enrichment was calculated as median sequencing depth/(mass
fraction x expected WGS coverage), where mass fraction is sample
mass/total mass loaded onto the multiplexed SMRT cell, and an ex-
pected WGS coverage of 10 and 30 was used for Sequel II and
Revio, respectively. Scripts to reproduce analyses are available on
GitHub (https://github.com/StephanieBohaczuk/Targeted-Fiber-
seq/tree/main/coverage) and in Supplemental Code.

DMI repeat expansion length

The CTG/CAG repeat was counted on reads that were anchored
both 5’ and 3’ of the repeat, i.e., those where either the primary
alignment mapped both 5’ and 3’ of the repeat, or a primary align-
ment mapped either 5 or 3’ and a supplementary alignment
mapped to the missing side. The length of the expansion was cal-
culated by finding the position of the first and last CAG within the
repeat region, subtracting these positions to find the total length of
bases, and then dividing by three for the length in CAG units. A
custom script to reproduce this analysis is available on GitHub
(https://github.com/StephanieBohaczuk/Targeted-Fiber-seq/tree/
main/DM1_CAG).

CTCF footprinting

CTCF footprinting was computed using a custom script, which as-
signs fibers as “accessible and CTCF bound” if the core of the
CTCF-binding site (Yin et al. 2017) (Chr19:45770329-45770342
in hg38) is fully overlapped by a methylation-sensitive patch
(MSP) but does not contain any m6A calls within, “accessible
but unbound” if the core is fully overlapped by an MSP but does
contain m6A calls within, or “inaccessible” if the core is over-
lapped by a nucleosome. Statistics represent Fisher’s exact test
comparing “accessible and CTCF bound” to unbound (i.e., “ac-
cessible and unbound” + “inaccessible”). A custom script to repro-
duce this analysis is available on GitHub (https://github.com/
StephanieBohaczuk/Targeted-Fiber-seq/tree/main/DM1_CTCF)
and in Supplemental Code.

Identification of ABE edits

Reads mapping to the edited BCL11A site (Li et al. 2022) within the
HBG1 and/or HBG2 promoters were categorized as “unedited” if
they contained no indels or mismatches within a window of
—4/+5 bp from the intended edit site located 113 bp upstream of
the HBG1/2 TSS. Reads were categorized as “edited” if they con-

tained the expected A>G (T>C in the reference genome), with
other edits within the window also tolerated. Reads not classified
as “edited” or “unedited” were excluded from further analyses.
Scripts to classify reads by editing status are available on GitHub
(https://github.com/StephanieBohaczuk/Targeted-Fiber-seq/tree/
main/ABE_editing) and in Supplemental Code.

ENCODE tracks

The following ENCODE (The ENCODE Project Consortium 2012)
tracks were included: DNase-seq of GM12878, ENCFFI60FMM
(Fig. 1B,F); DNase-seq of fibroblasts, ENCFF302JEV, CTCF ChlIP-
seq of fibroblasts, ENCFFO80HIA (Fig. 2C); DNase-seq of hemato-
poietic multipotent progenitor cell treated with interleukin-3 for
8 days, kit ligand for 8 days, hydrocortisone succinate for 8 days,
erythropoietin for 8 days, ENCFF800PMS (Fig. 3C).

Coaccessibility and codependency

Coaccessibility between each pair of peaks was quantified by eval-
uating fibers that (1) entirely overlapped each of the two peaks and
(2) had at least 46 bp between the read ends and peak edges. Fibers
were classified as accessible at a peak if they contained a FIRE ele-
ment (FIRE score <0.05) that overlapped the peak by >1 bp.
Overlaps were computed using BEDTools intersect (v2.31.0)
(Quinlan and Hall 2010). Coaccessibility data were filtered to
only include peak pairs that were overlapped by a minimum of
20 fibers. Codependency scores were calculated as the difference
between the observed and expected coaccessibility given the null
hypothesis that the actuation of each peak is independent of the
other. The expected coaccessibility was calculated as the product
of the actuation proportion at each of the two peaks. The resulting
scores were multiplied by 4 to scale the range of possible values
from —1 (only one peak is actuated per fiber) to +1 (actuation at
both peaks for a given fiber). Scripts to reproduce this analysis
are available on GitHub (https://github.com/StephanieBohaczuk/
Targeted-Fiber-seq/tree/main/ABE_codependency) and in Supple-
mental Code.

Software availability

The code to reproduce figures and analyses in this study is availa-
ble on GitHub (https://github.com/StephanieBohaczuk/Targeted-
Fiber-seq) and as a Supplemental File called Supplemental Code.

Data access

Sequencing data generated in this study have been submitted to
the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/
bioproject/) under accession number PRINA1125891.
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