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Accurate assemblies of D474 arrays resolve repeat number and haplotype Adaptive Sampling identitfies hypomethylated, contracted 4gA alleles

Abstract

Molecular analysis oﬁﬁaooscapulohgmeralhmusculalr dystror;hy (FSHD) is challenging due to the highly repeti- Using both raw ULK array-spanning reads and LSK-assembled contigs, we successfully identified and counted the Adaptive Sampling generated 65-115x% on-target coverage across seven samples, with two samples sequenced per
tive D424 rr?acrosate e elriely cocr;tammg the DUX4 cl)cufs, which exists at two nearly identical subtelomeric re- repeat units across the four target haplotypes in all cell lines (Fig. 3). For all samples, we obtained at least one read flowcell and read N50 values ranging from 17.1 to 26.0 kb (Table 1). For analysis, reads that aligned to the DUX4 re-
gions on chromosomes 4435 and 10q26. FSHD results from aberrant DUX4 expression caused either by con- in the ULK dataset that spanned the entire repeat array, with the longest individual spanning read being 565 kb. To gions of the reference genome were further assigned to haplotypes, classified as spanning or non-spanning, and
traction of the D4Z4 el Ciiel DISlAiSSRAc 40A hE?IO'Otyp? Oor Dy pathogemc.va”anﬁ in chromatin-regulating evaluate assembly accuracy, we compared D4Z4 repeat unit counts from the ULK reads with those from the LSK-as- evaluated for native DNA methylation (Fig. 2). The number of D474 repeats was then calculated for each read and as-
J=NeS, faCh eadiing to thy‘porr;wethlyltatlon. current dlag.nct>.st|c ap(:j)roa.ches igqutlrte mI_L|J|t|pIe Co.mi)rlwe'mingary tech- sembled contigs (Fig. 3A), and the counts were highly concordant (R° = 0.998; Fig. 3B). sessed for haplotype and methylation status®*. Unlike ULK reads and LSK-derived assemblies, Adaptive Sampling
nigues to assess repeat size, haplotype, sequence variation, and epigenetic state. However, in this study, we re- | RGN - -

(il ' ar P " pb yP f g e g DpN?A\ o o " Y . A) GM17939 B) o - 0908 K cample reads do not span longer D4Z4 arrays. However, mdlwdu.al Adgptwe Sampling reads could span the short, contracted
SOl sl lrelys, G UaliULy nulnberr O rejpeeil WIS, alfiel protlie MASEYISMN €l dnlreimieltin eldcEsslIoNIg; 4gA (full contig: 933 kbp) -V ‘GMOSF;M 49A alleles. This integrated read-level analysis correctly identified the presence or absence of hypomethylated, con-
using Oxford Nanqpore multlomlc seguencing. These methods acc.urately identified ESHD1 anq ESHDZ affect- _,}}}}M_ 7560 4 B tracted 4gA molecules across all seven samples directly from Adaptive Sampling reads (Fig. 5B).
ed haplotypes. Epigenetic profiling revealed hypomethylation and increased chromatin accessibility at patho- O ' ® G176 A B) e o o Adantive Samo

: : : - D ig. 5. ots of individua aptive Sampling
genic 4gA haplotypes. Ig FSHD samples. Together, these r.esults.demons.trate that Oxford Nanopore sequencing 4B (full contig: 1562 kbp) - GM17968 >0 GM17939 -0 GM08714 reads showing D4Z4 copy number and dis.
enables comprehensive, single-platform genetic and epigenetic analysis for FSHD. —;} DOOOIIIILIILDIIDIIIIILIDIIDDDD =40 ® G\M17898 | tal-most D4Z4 unit methylation by haplotype.
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We sequenced seven Coriell cell lines with known 10GA (full contia: 184 Kbp S = qu 210 10F ==& - === === bmmmmmmm oo adJacenED4Z4 repeags. Hhorlléc?ntal dashed llr%es rep-
: : : ull contiqg: g v ¢ ! resent the 10-copy threshold for FSHD1 pathogenic

FSHD or FSHD-like phenotypes (Fig. 1; Table 1). 10-100 Repeat Units _?}} AAA g MMM |O | G - @ 100A S?f_ ! ! contraction, ande/erticaI dashed lines IOmarKQSO%
Three approaches were used to sequence the Healthy  croce. chco chcn e, : . , , c. 5| ¢ %8 | methylation. Representative examples are shown for
repeat arrays (Fig. 2). First, the Ultra-Long DNA 40A — AR ERE—"" D424 Repeat B P13E-11 M D474 unit Bl pLAM M B-specific 20 40 o0 RA | A) FSHD1 with a hypomethylated 5-copy D4Z4 array
Sequencing Kit (ULK) was used to unambiguous- FSHD' v Partial DUX4 Repeat Units (LK Assembled Contigs) : on a 4gA haplotype and normal (>50%) distal meth-

9 9 . . . g . ] ﬂlﬂl:‘éxgr%)ged artid | Fig 3. Assembly of LSK reads accurately represents the number of D4Z4 repeats. A) Schematic of assembled contigs for the four haplotypes with 0 0 | ylation of the non-contracted 4gB and B) FSHD2-like
ly characterize each haplotype, with individual affected <10 Repeat Units 4 DUX4 cytoxic D474 repeats. Assemblies created with hifiasm (ONT) and LSK reads (>30kb read-length N50). Each schematic includes key features of the repeat and ; - ! - : : - ! - - sample with no D474 contraction but widespread
Iong reads spanning the entire array. Second, all 40A s gene the total length of the contig. B) Comparison of number of D474 repeat units in the LSK-assembled contigs and the ULK reads for every sample in 0 ZSI\/IethySIgtion %75 100 0 ZSI\/Iethy?gtion 0/75 100 hypomethylation across all alleles.
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samples were sequenced with the Ligation Se- Chr4 FSHDZEhprpressed A . . .
| , | . Complete 4gA  Partial 4gA [ Partial 4gB @ Partial 10gA
quencing Kit (LSK) to at least 30x coverage with a affected  70-100 Repeat Units Table 1. Samples, sequencing coverage, and read-length N>0. e | | |
read-length N50 of ~30 kb, then assembled into 49A Sample vpe SRS SEm ]

: . - : On-Target | On-Target
COﬁtlgS USIHQ Hifiasm ’(ONT) .de I’IOVQ assembly' Fig 1. Overview of FSHD. Schematic of the pathogenesis of FSHD1 and
Third, Adaptive Sampling using a digital panel FsHD2. FSHD1 involves contraction of the D474 array (<10 units) on a per- GMO08714 ICF 17 kb 102.3x 31 kb 35x 83 kb 34x Contracted D474 arrays in FSHD samples are characterized by hypomethylation and increased chromatin accessibility.
targeting FSHD genes was used to multiplex Mmissive 49A haplotype, causing chromatin relaxation and hypomethylation, GM17724 FSHD? 22 kb 124.7x 42 kb 37x 99 kb 20x In contrast, nonpathogenic arrays remain hypermethylated and relatively inaccessible. Integrated analysis of native

: : . while FSHD2 results from variants in chromatin-regulating genes producing GM17726 LGMD2A 26 kb 65 4 33 kb 59 36 kb 19 . . . . . .
samples (2-plex) and obtain high read depth in - sl X X DNA methylation and 6mA-based chromatin stenciling captured these contrasting epigenetic states at the read level
_ . a hypomethylated state. The D4Z4 macrosatellite array at the chromosome CM17868 D 53 kb 11E O 28 kb =0y 199 kb 16y y g Cap g €pig
targeted regions. DNA methylation was detected 4q subtelomere, which comprises 1-100 3.3 kb repeat units, is the patho- T =T e T BT T T o (Fig. 6).
difectly from the Sequgrjcing signal a.nd analyged genic locus of FSHD. GM17939 FCLD1 >t kb 107 5x 33 kb I1x 24 kb 34y A) Mea%g?ergs%?ltiitg T T "1 TINNINET TR T B NeeEeE W Fig. 6. Integrated epigenetic pro-
using Modkit2. In addition, chromatin stenciling GM18207 FSHD1 20 kb 32.1% 40 kb 30x 100 kb 17x Coverage |11 11 1 i DL DUX4 DUX4 DUx4___ tiling distinguishes D474 haplo-
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formed to investigate chromatin accessibility . | o tULK sequencing metrics are per flowcell, two flowcells per sample. GM17030 e e e e o — ——— allele containing five D474 repeats
across the DUX4 |oci. Fig 2. Analysis WorlfﬂOW hlghllghtlng Oqurd LSK = Ligation Sequencing Kit, ULK = Ulta-Long DNA Sequencing Kit. AgA I Tl 1 - S — m—— o I ' and B) a six-repeat region of a non-
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Chromatin > 6mA odkicz | Chromatin af;?gittid : gtP(eI?gl\gEhLis,bA..Bf Sebo b It—laug(e)nTE.ijNkwgrcmean,TL.g. &lS%amatoy— ! ! : : : | - - Fig 4. Compound heterozygous DNMT3B variants four DUX4 alleles. The ULK (array-spanning reads), LSK (de novo assembly with hifiasm), and AS (high-coverage, individual reads
Stenciling basecalling®”’ Accessibilty i fiber saquencing. Science 368 14401454 (0020, T are associated lWith WidESPrfeﬁd hypomethylatgon in evaluated for native DNA methylation) workflows, allowed for accurate downstream haplotyping and variant analysis. Direct de-
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O m haplotype-specific support for each variant. This sam- analysis using chromatin stenciling identified open chromatin at the pathogenic contracted allele. Taken together, our findings
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