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Abstract1

X-linked genetic disorders typically affect females less severely2

than males due to the presence of a second X Chromosome not3

carrying the deleterious variant. However, the phenotypic ex-4

pression in females is highly variable, which may be explained5

by an allelic skew in X Chromosome inactivation. Accurate6

measurement of X inactivation skew is crucial to understand7

and predict disease phenotype in carrier females, with predic-8

tion especially relevant for degenerative conditions.9

We propose a novel approach using nanopore sequencing to10

quantify skewed X inactivation accurately. By phasing sequence11

variants and methylation patterns, this single assay reveals the12

disease variant, X inactivation skew, its directionality, and is13

applicable to all patients and X-linked variants. Enrichment14

of X-Chromosome reads through adaptive sampling enhances15

cost-efficiency. Our study includes a cohort of 16 X-linked vari-16

ant carrier females affected by two X-linked inherited retinal17

diseases: choroideremia and RPGR-associated retinitis pigmen-18

tosa. As retinal DNA cannot be readily obtained, we instead19

determine the skew from peripheral samples (blood, saliva and20

buccal mucosa), and correlate it to phenotypic outcomes. This21

revealed a strong correlation between X inactivation skew and22

disease presentation, confirming the value in performing this as-23

say and its potential as a way to prioritise patients for early in-24

tervention, such as gene therapy currently in clinical trials for25

these conditions.26

Our method of assessing skewed X inactivation is applicable to27

all long-read genomic datasets, providing insights into disease28

risk and severity and aiding in the development of individu-29

alised strategies for X-linked variant carrier females.30

X-linked diseases | retinal disorders | skewed X inactivation | long-read se-31

quencing | DNA methylation32

Correspondence: gouil.q@wehi.edu.au33

Introduction34

X Chromosome inactivation (XCI) is a dosage compensation35

mechanism equalising the expression of the majority of X-36

linked genes between males and females (Van den Veyver,37

2001). In 46,XX females, one X Chromosome is chosen38

stochastically as the inactive X (Xi) in a small number of39

cells early in embryonic development, and remains silenced40

throughout life (Lyon, 1961). Females are thus mosaics of41

cells where either one of the two X Chromosomes is inactive.42

Skewed X inactivation, whereby allelic Xi status in a pool of43

cells departs from the predicted 50:50 ratio, may explain the44

phenotypic variability in female carriers of X-linked condi-45

tions, when the gene in question is subject to X inactivation46
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(Morleo and Franco, 2008). Skew may be organism-wide47

(global skew observable in all or most tissues if the skew is48

due to biased X choice early in development), tissue-specific49

(when a skewed pool of cells give rise to a tissue, a com-50

mon occurrence in highly clonal tissues like blood), or ge-51

ographic (spatial heterogeneity within a tissue due to onto-52

logical patches of cells with the same Xi, like the coat of53

calico cats). XCI skew may be protective when the disease-54

causing variant is on the preferentially silenced X, or delete-55

rious when on the preferentially active X. Skewed X inactiva-56

tion is common, with estimates that 50% of females display57

skews of 65:35 or greater in blood (GTEx Consortium et al.,58

2017; BIOS consortium et al., 2019).59

X-linked inherited retinal diseases, such as choroideremia60

and X-linked retinitis pigmentosa, most strongly affect61

males, with night blindness and peripheral vision loss dur-62

ing early adolescence which progress to central vision loss63

at later stages of the condition. Female carriers of X-linked64

inherited retinal disorders present with a spectrum of disease65

severities, ranging from near normal retinae to severe retinal66

degeneration, the latter known as “male-pattern” retinal de-67

generation (Edwards et al., 2015; Gocuk et al., 2023). This68

variation and the observed prevalences is compatible with69

skewed X inactivation as a major factor of disease severity70

in females (Fry and MacLaren, 2023). Retinal phenotypes of71

female carriers can present as a mosaic pattern comprising re-72

gional patches of degeneration due to retinal mottling and/or73

pigmentary changes, which would again be compatible with74

a geographic XCI skew. Although it would be ideal to inves-75

tigate the role of X inactivation in inherited retinal disorders76

directly in the affected retinal epithelium and photoreceptor77

cells, retinal biopsy from living patients is not justifiable due78

to the risk of vision loss directly and indirectly relating to79

the procedure, as well as the costs and resources involved in80

obtaining samples (Gocuk et al., 2023).81

To date, the evidence for the importance of skewed XCI for82

X-linked inherited retinal disorders remains limited (Fahim83

and Daiger, 2016; Fry and MacLaren, 2023). As a proxy for84

the retina, X inactivation skew of female carriers of X-linked85

inherited retinal disorders has been previously reported in86

blood samples, based on DNA methylation measurements.87

This works because the inactive X Chromosome has hy-88

permethylated CpG islands (Tribioli et al., 1992). These89

studies used conventional methods based on methylation-90

sensitive restriction enzymes and PCR fragment length anal-91

ysis (Fahim et al., 2020). However, such methods provide92

incomplete information due to the lack of informative poly-93

morphisms found in over 20% of individuals (Onozawa et al.,94

2015), quantitatively-limited analysis of just a few CpG sites95

and one or two genomic loci with the potential for PCR bias,96

the requirement for parental DNA to determine the origin of97

the variant and direction of the skew and additional genetic98

testing to ascertain the deleterious variant. A sequencing-99

based version of this test has recently been proposed (Jo-100

hansson et al., 2023), directly reading the methylation of101

the AR and RP2 CpG islands by nanopore sequencing of102

Cas9-targeted native DNA. DNA modifications trigger recog-103

nisable variation in the electrical current measured at the104

nanopore, enabling base-level modification analysis in long105

reads. Though this targeted test improves quantitation ac-106

curacy, it suffers from most of the same limitations outlined107

above. Furthermore, blood samples have been found to in-108

crease in XCI skew with age and may therefore not accu-109

rately reflect the XCI status of the retina and other tissues110

(Bittel et al., 2008; Sharp et al., 2000).111

We set out to develop a new method to measure X inactiva-112

tion skew based on long-read whole-genome sequencing, to113

simultaneously identify variants and investigate the contribu-114

tion of skew to X-linked diseases in females. We used the Ox-115

ford Nanopore Technologies PromethION 24 platform and its116
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adaptive sampling capacity to enrich X Chromosome reads.117

We sequenced peripheral samples (blood, saliva and buccal118

mucosa) for a cohort of female carriers of X-linked inher-119

ited retinal disorders (choroideremia and RPGR-associated120

X-linked retinitis pigmentosa) to determine X inactivation121

skew in these tissues, infer the retinal skew and correlate with122

disease severity and retinal phenotype. We also include a fe-123

male individual who did not have an inherited retinal disorder124

but for whom we were able to retrieve fresh retinal tissue (fol-125

lowing enucleation for an invasive orbital tumour), allowing126

a direct comparison of skew in the retina and peripheral sam-127

ples. Recent advances in the development of gene therapy for128

retinal diseases in males have sparked interest to determine129

whether female carriers, particularly those at risk of severe130

disease, should be considered for upcoming therapeutic in-131

tervention. Accurate measurement of skewed X inactivation132

may assist in determining the most suitable candidates.133

Results134

Optimising X Chromosome enrichment with adaptive135

sampling. In order to increase the number of samples that136

could be run on one PromethION flow cell while still reach-137

ing a target coverage of 15–20X per sample, we made use138

of the adaptive sampling capacity of the PromethION P24139

(beta feature in MinKNOW). The first few hundred bases of140

each read are live-basecalled and mapped to the genome ref-141

erence. If the sequence maps to the X Chromosome, sequenc-142

ing of that read is allowed to continue, whereas if the se-143

quence does not map or maps elsewhere, the read is deemed144

off-target and its sequencing is interrupted by voltage rever-145

sal to make the pore available for another fragment (Fig. 1A).146

To guide protocol optimisation, we estimated the relation-147

ship between read length and target coverage (see Methods).148

When targeting the entire X Chromosome (154 Mb), max-149

imising read length is beneficial, up to the point where pore150

blocking and decreased pore occupancy (longer fragments151

mean fewer molecules) become the dominant factors in re-152

ducing the output.153

Our sequencing results corroborated this estimate, as libraries154

dominated by small fragments enriched poorly for X Chro-155

mosome reads (Fig. 1B, C). Two factors contributed to small156

fragments dominating the sequencing: either the DNA sam-157

ples were degraded (buccal swabs had consistently worse158

DNA integrity than blood or saliva) or in intact samples the159

unsheared, high-molecular weight fragments could not be ef-160

ficiently sequenced. Therefore, we strived to increase the161

average fragment lengths in the libraries by a combination162

of clean-ups (selective precipitation when DNA amounts al-163

lowed, bead-based clean-ups in the case of low input DNA)164

and shearing to 10–20 kb fragments (Fig. 1B). With opti-165

mised libraries, we obtained up to 90X coverage of the X166

Chromosome per PromethION flow cell, equivalent to a 3–4-167

fold enrichment over non-adaptive sequencing. We obtained168

at least 30X total coverage of the X Chromosome for each169

patient, across 2–4 samples per patient, and providing suffi-170

cient data for analysis of alleles and DNA methylation (Fig.171

1D).172

Calculating X inactivation skew by phasing alleles and173

epialleles. Next we developed a method using the phasing of174

long reads into alleles (maternal and paternal, or haplotype 1175

and haplotype 2 when the parent-of-origin is unknown) and176

their clustering based on DNA methylation (Xi being hy-177

permethylated and Xa being hypomethylated) to determine178

skewed X inactivation (Figure 2A). We generated a dataset179

where the maternal and paternal alleles are distinct by cross-180

ing two different mouse strains, and where X inactivation is181

genetically skewed through the inheritance of a mutated Xist182

(Royce-Tolland et al., 2010). We made neural stem cells from183

the F1 animals and sequenced the DNA by nanopore accord-184
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Fig. 1. X inactivation skew sequencing workflow. A) Adaptive nanopore sequencing of peripheral samples (blood, saliva, and buccal mucosa) to maximise coverage of
the X Chromosome. Sequencing of fragments that do not map to the X Chromosome is terminated early. B) Degraded buccal DNA results in shorter read lengths and C)
reduced X Chromosome enrichment performance. The read lengths for (accepted) reads mapping to the X Chromosome are plotted for patient C9 for illustrative purposes.
Rejected reads are typically under 1 kb. D) X Chromosome coverage for each patient, split by sample. At least 30X combined X Chromosome coverage was obtained for
each patient. H1: healthy individual; C1-C12: female carriers of choroideremia; R1-R4: female carriers of RPGR-associated X-linked retinitis pigmentosa.

ing to the ultra-long sequencing protocol.185

After small variant calling with DeepVariant (Poplin et al.,186

2018) and read haplotyping with WhatsHap (Martin et al.,187

2016), visualisation of the Xist locus confirmed the correct188

SNV-based separation of haplotypes with the presence of the189

XistΔA mutation as a ∼750-base deletion ∼120 nucleotides190

downstream of the Xist transcriptional start site on haplotype191

2 (from the 129/Sv strain background). It also illustrated the192

contrasting DNA methylation patterns between the active and193

inactive X, correlating with the Xist gene expression: highly194

methylated haplotype 2 with mCpGs in red (silenced, non-195

functional Xist), and methylation-depleted haplotype 1 with196

CpGs in blue, expressing a functional Xist (Fig. 2B). Of note,197

the methylation pattern at the Xist CpG island is reversed198

compared to the rest of the X Chromosome CpG islands: the199

inactive X, which expresses Xist, is unmethylated (haplotype200

1) while the active X (Xist silenced) is the methylated allele201

(haplotype 2). For all other CpG islands on the X Chromo-202

some, methylation-based clustering of reads assigns Xa to the203

group of low-methylation reads and Xi to the group of high-204
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methylation reads (Fig. 2C). This clustering is performed us-205

ing the density-based clustering algorithm DBSCAN within206

NanoMethViz (Su et al., 2021). The promoter CpG island of207

the X-linked Phf6 gene illustrated how reads clustered in two208

well-separated groups (Fig. 2C).209

Independent of their methylation profile, reads were also as-210

signed to either haplotype 1 or haplotype 2. Regions of low211

SNV density or regions that are highly repetitive break up the212

haplotype phasing into haplotype blocks. As a result, haplo-213

type 1 in one block may be the paternal allele while haplo-214

type 1 in the next block may be the maternal allele (phase215

switching). Haplotype blocks are separated by genomic seg-216

ments that cannot be haplotyped. In the mouse neural stem217

cell dataset, out of 469 annotated CpG islands (UCSC mm10218

annotation), where we can expect DNA methylation on the219

inactive X, 454 were haplotyped (Fig. 2D, Supp. Table S1),220

allowing the assignment of reads to haplotype 1 and haplo-221

type 2.222

Of these haplotyped CpG islands, 105 CpG islands clustered223

into two methylation-level clusters, amounting to 2,300 reads224

assigned as Xa or Xi (Fig. 2E, Supp. Table S1). The re-225

maining haplotyped CpG islands were not split into Xi and226

Xa methylation patterns for one of several reasons: similarly227

high or low methylation across all reads, lack of separation228

due to continuous variation in methylation, or insufficient229

read numbers to form a cluster (minimum set as 5 reads, Fig.230

2E). We then tallied up the reads that were both haplotypes231

and clustered as Xa/Xi to calculate the X inactivation skew232

for each haplotype block. Large haplotype blocks may over-233

lap multiple CpG islands, which allows pooling the counts of234

haplotype 1/haplotype 2 and Xa/Xi combinations for all CpG235

islands across the block. The haplotype block overlapping236

the most CpG islands covered 80 CpG islands (Fig. 2D). The237

haplotype-block skew for each block i is expressed as:238

skewi = nHP1_Xa +nHP2_Xi

nHP1_Xa +nHP2_Xi +nHP1_Xi +nHP2_Xa

This represents the bias for haplotype 1 to be the active allele.239

Since phase switching may occur between blocks, there is a240

symmetry in outcomes: preferential haplotype 1 silencing in241

one block is equivalent to preferential haplotype 2 silencing242

in another block. A folded binomial model allows to repre-243

sent this symmetry in outcomes. In a series of binomial tri-244

als, a folded binomial model arises when the two categories245

of outcomes (successes and failures) can be distinguished,246

but we cannot say which were the successes and which were247

the failures (Mantel, 1970). Therefore we fold the skew:248

folded_skewi = min(skewi,1 − skewi), equivalent to mir-249

roring the skew that is above 0.5 down to below 0.5 with the250

symmetry axis x = 0.5 (Fig. 2F). As expected in the genet-251

ically skewed mouse NSC dataset, skews for the haplotype252

blocks distributed around the extremes at 0 and 1, and the253

folded distribution peaked around 0 (Fig. 2F).254

The global skew p for the sample is derived from the maxi-255

mum likelihood estimate of the observed read counts in each256

block under the folded binomial model (Fig. 2G, (Gart, 1970;257

Mantel, 1970)). The numerical optimisation for p for the258

mouse NSC data yielded a global skew of 0.031, or a 97:3259

ratio allele1_Xa:allele2_Xi, close to the expected 100:0.260

Measuring X inactivation skew in human retinal and261

peripheral samples. Having established the skew analysis262

pipeline on ground truth data, we next applied it to a patient263

for whom we could collect retina, blood, saliva and buccal264

swab samples. This allowed us to investigate the correlation265

in skew between tissues, as well as the spatial heterogeneity266

of the retina by collecting discs across four quadrants of the267

retina (Fig. 3A).268
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The 10–20 kb reads optimised for adaptive sampling of the X269

Chromosome resulted in shorter haplotype blocks than with270

the ultra-long read mouse data, but overall 579 CpG islands271

(of 879 CpG islands) were phased into alleles (Fig. 3B, Supp272

Table S1).273

The distribution of block skews revealed a strong X inacti-274

vation skew in blood (pblood = 0.16), a slightly smaller skew275

in saliva (psaliva = 0.24) and a more balanced X inactivation276

profile in the buccal swab and retinal discs (0.39 to 0.43, Fig.277

3C). Each quadrant of the retina had a similarly balanced X278

inactivation profile, suggesting a well-mixed pattern of cells279

with the maternal or paternal X inactivated. The lack of cor-280

relation between the blood and retinal skews cautions against281

the ready extrapolation of retinal skew from blood skew, al-282

though it is common practice. Here the sampling of multiple283

tissues enabled us to rule out an organism-wide (global) skew284

in favour of a tissue-specific skew.285

Among the samples collected, the buccal swab is the most286

likely to correlate with the retina. It is less susceptible to high287

clonal expansion than the cells present in blood and saliva288

(GTEx Consortium et al., 2017; Mengel-From et al., 2021).289

Although in our experience it was more challenging to extract290

high-quality DNA from it, the buccal swab may be the most291

informative for evaluating skew in the retina. In this partic-292

ular patient’s case, it was the one that most closely matched293

the non-skewed retinal X inactivation profile.294

Using phase to orient skew and using skew to phase.295

Although from block to block the identity of haplotypes can296

switch, for a single patient the haplotype for a block is the297

same across tissues. Therefore the correlation in unfolded298

skew between blocks informs on the direction of the skew: a299

positive correlation indicates the skew is in the same direc-300

tion in both samples, whereas a negative correlation would301

indicate a reversal of skew between samples.302

We observed a strong positive correlation between the blood303

and saliva block skews (Fig. 3D), indicating that the skew304

direction was the same in both highly skewed samples. The305

correlation with the more mildly skewed buccal swab sam-306

ple remained positive, again pointing to the same direction of307

skew.308

We then asked whether we could improve phasing of the X309

Chromosome by using the skew information: for a highly310

skewed sample, if in one block haplotype 1 is the predomi-311

nantly active allele and in the next block haplotype 2 is the312

predominantly active allele, this would indicate that there313

was a phase switch between these two blocks. Therefore the314

unfolded, haplotype-block skews inform which haplotypes315

H1/H2 belong to the same allele across haplotype blocks,316

and this allows “scaffolding” of the haplotypes across the317

chromosome into parent1/parent2 alleles. Even though the318

haplotype blocks remain disjointed, they can be oriented319

so that haplotype 1 is consistently the same parental haplo-320

type across haplotype blocks (higher-order phasing). Strong321

skews gave very high certainty in orienting blocks (Fig. 3E),322

but even for the buccal sample around 16% of the X Chromo-323

some could be phased across haplotype blocks by using skew324

(Fig. 3F). Orienting the skew in each block is also helpful325

to assess whether a particular variant is likely to be on the326

predominantly active or inactive X.327

One outlier haplotype block with a high number of phased328

and clustered reads could not be confidently oriented (out-329

lier in Fig. 3E, blood panel). Further inspection revealed330

that this was due to an error in variant phasing in the diffi-331

cult region harbouring duplicated RHOXF2 and RHOXF2B:332

ambiguous read mapping over a 48.9-kb segmental duplica-333

tion (Niu et al., 2011) led to a phase switch within the haplo-334

type block (Supp. Fig. 1). Haplotype 1 was predominantly335

the Xa upstream of the ambiguous region, whereas it became336

predominantly the Xi downstream. Thus the skew analysis337
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Fig. 3. X inactivation skew across blood, saliva, buccal swab and retina in a healthy patient. A) Collected samples: 4 quadrants of the retina from one eye (purple
discs), blood, saliva and buccal swab. B) Cumulative sum of CpG islands overlapped by haplotype blocks. C) Non-folded and folded distributions of haplotype blocks’ skews
in the seven samples. Blood and saliva show a clear skew, whereas buccal swab and all four retina samples are not highly skewed. D) Positive correlation of non-folded
haplotype blocks’ skews across samples shows that the Xa allelic bias is consistent across tissues (the same X Chromosome in the preferentially active X in all skewed
tissues). E) Skewed X inactivation allows scaffolding haplotype blocks into alleles. Log-likelihood ratio of haplotype 1 being the preferential Xa over Xi for each block. A red
line is plotted at y=1 (haplotype 1 ten times more likely than haplotype 2 to be the preferential Xa) and y=-1 (haplotype 2 ten times more likely than haplotype 1 to be the
preferential Xa). F) Up to 18% of the X Chromosome for patient H1 can be arranged in a consistent haplotype (higher-order phasing) based on haplotype block skew.

enabled the identification and correction of a variant phasing338

error across this complex region.339

X inactivation skew in female carriers of inherited reti-340

nal disorders. Next we applied our method of measuring X341

inactivation skew to a cohort of patients with inherited reti-342

nal disorders: 12 carrying variants in the CHM gene causing343

choroideremia and 4 carrying variants in the RPGR gene, a344

major cause of X-linked retinitis pigmentosa (XLRP, Table345

1). There were two patient pairs carrying the same variants:346

a mother and daughter pair, and two sisters. Seven carriers347

had grade 4 male-pattern degeneration (four with variants in348

the RPGR gene and three with variants in the CHM gene).349

All other carriers had variants in the CHM gene and had rel-350

atively milder retinal phenotypes: one carrier with grade 1351

(fine, near normal), four with grade 2 (coarse), and four with352

grade 3 (geographic) (Edwards et al., 2015).353

Long-read sequencing identified disease-causing variants for354

all patients, including for those where there was no prior ge-355

netic diagnostic available. The long reads and chromosome-356
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Fig. 4. X inactivation skew in a cohort of patients with X-linked inherited retinal disorders. A) Distribution of haplotype blocks’ skews in multiple samples from patients
carrying mutations in the CHM gene (C1-C12) or RPGR gene (R1-R4). B) Correlations of haplotype blocks’ skew between samples indicates consistency in preferential Xa
choice across tissues, for each patient where two or more samples show skew (p < 0.4) C) Summary of tissue skews for each patient. D) Correlation of buccal skew with
phenotypic severity. The skew is classified as either deleterious (variant allele is preferentially Xa), protective (variant allele is preferentially Xi), neutral (no or little skew, p ≥
0.4). For 6 CHM variant carriers with skewed buccal swab samples, the skew could not be oriented (non-oriented category). Retinal severity grading presented in this graph
is depicted as grades 1–4 to combine retinal phenotypes for choroideremia and RPGR-associated X-linked retinitis pigmentosa (Edwards et al., 2015; Nanda et al., 2018):
grade 1 is fine and normal phenotypes, grade 2 is coarse and radial pattern phenotypes, grade 3 is geographic and focal pigmentary retinopathy phenotypes, and grade 4 is
male pattern phenotypes for choroideremia and RPGR-associated X-linked retinitis pigmentosa, respectively.

ID gene variant variant type impact grading
C1 CHM c.529del; p.Glu177Lysfs*20 indel frameshift 3
C2 CHM g.85957852del; c.940+3delA indel splicing 4
C3 CHM g.85957852del; c.940+3delA indel splicing 2
C4 CHM c.1214_1215insC; p.Gln405Hisfs*13 indel frameshift 2
C5 CHM c.1780delC; p.Leu594Phefs*55 indel frameshift 2
C6 CHM g.86045359_86047506del; c.27_49+2125del SV deletion 4
C7 CHM c.757C>T, p.Arg253Ter SNV stop 3
C8 CHM g.85838231_85933652del; c.1167-22313_*26400del SV truncation 2
C9 CHM g.85965588T>C; c.315-1536A>G SNV splicing 3
C10 CHM c.1584_1587delTGTT; p.Val529Hisfs*7 indel frameshift 2
C11 CHM c.1584_1587delTGTT; p.Val529Hisfs*7 indel frameshift 1
C12 CHM g.84295184_84296004del; c.(1770+1_1771-1)_(*1_?)del SV truncation 3
R1 RPGR c.2362_2366del, p.Glu788Argfs*45 indel frameshift 4
R2 RPGR c.619+5G>A SNV splicing 4
R3 RPGR c.2442_2445del, p.Gly817Lysfs*2 indel frameshift 4
R4 RPGR c.2362_2366del, p.Glu788Argfs*45 indel frameshift 4

Table 1. Variants in affected patients. Coordinates are relative to hg38 chrX (NC_000023.11), CHM MANE transcript NM_000390.4 and translated protein NP_000381.1,
RPGR transcript NM_001034853.1 and protein NP_001030025.1. Patient C6’s deep intronic variant in CHM has been experimentally validated as creating a cryptic splice
site (Carss et al., 2017). Patients C1, C4 and C8 had not received a genetic diagnosis prior to the long-read sequencing performed in this study. C2 and C3 are sisters, C10
and C11 daughter and mother, R1 and R4 are mother and daughter.
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wide sequencing approach resolved multiple types of events:357

exonic SNVs, intronic SNVs predicted to affect splicing, and358

large structural variants removing parts of the gene (Table 1).359

The availability of longer read lengths for certain samples had360

a strong effect on increasing the total haplotype block length361

and the haplotype block N50 (Supp. Table S1). For exam-362

ple for patient C9 saliva (read N50 of 18 kb), 81% of the363

X Chromosome and 692 CpG islands could be haplotyped.364

By contrast, samples with more fragmented reads and lower365

coverage had only 55-58% of the X haplotyped. Higher cov-366

erage was associated with a higher proportion of haplotyped367

CpG islands that could be clustered into Xa and Xi reads,368

and thus a higher number of informative reads for the skew369

calculation.370

All but one of the 16 patients presented at least one sample371

with a skew below 0.4 (60:40 or greater, Fig. 4A, B and C).372

For some patients the extent of the skew varied between sam-373

ples (Fig 4A and C). For example, C3 demonstrated a highly374

skewed saliva sample (0.10, or 90:10) whereas their buccal375

swab sample had a less pronounced skew (0.33). However,376

when two of a patient’s samples were skewed (< 0.4), in all377

cases they were skewed in the same direction (Fig. 4B).378

To correlate skew and phenotype, we used the buccal swab379

skew as the most likely to reflect the retina’s skew, as it is less380

sensitive to age-related skewing than blood and saliva (GTEx381

Consortium et al., 2017; Mengel-From et al., 2021). Among382

the ten severely affected patients (graded as 3 and 4), nine383

(90%) had a skew of 60:40 or greater, and five (50%) had a384

skew of 75:25 or greater (Fig. 4C and D). Relative to a base-385

line expectation of 5% of the population with skews 75:25 or386

greater (GTEx Consortium et al., 2017), we concluded that387

there was an over-representation of skew among severely af-388

fected patients (p-value = 6×10−5, one-sided binomial test).389

We next oriented the skew relative to the allele that carries the390

variant. By contrast with the skew-based phasing we demon-391

strated previously, here we do not focus on scaffolding a con-392

sistent parental haplotype across haplotype blocks, but rather393

we focus on a single haplotype block, the one that carries394

the diseases-causing variant (e.g. on haplotype 1). Knowing395

the global skew for the sample, and the ratio of reads sup-396

porting haplotype 1 or haplotype 2 as the active X in this397

block, we can orient the skew relative to the variant. The398

skew was deemed deleterious when the predominantly ac-399

tive X is the one carrying the variant, and protective when400

the variant is instead on the predominantly inactive X (Fig.401

4D). For all skewed patients with RPGR variants, the skew402

could be oriented, and all were deleterious (3 out of 3, one403

patient not skewed). Expressing the skew as ‘deleterious al-404

lele’:‘healthy allele’, patients R1, R3 and R4 had ratios of405

65:35, 80:20 and 64:36, respectively. For CHM variant car-406

riers however, skew orientation was less successful as CpG407

islands are more sparse in this genomic region and the length408

of the haplotype blocks over CHM were often limited by409

stretches of low complexity sequence. Out of 8 skewed pa-410

tients (4 were not skewed), two could have their skews ori-411

ented: one was strongly deleterious (87:13), consistent with412

the male pattern/grade 4 phenotype, and one was strongly413

protective (25:75), consistent with the mildest phenotype ob-414

served (fine phenotype/grade 1). Therefore out of 5 oriented415

skews, all correlated with the phenotype (p-value = 0.031,416

one-sided binomial test). By contrast, patients with a bal-417

anced buccal swab X inactivation ratio (neutral skew) were418

split across phenotypic severity classification: four coarse419

phenotype (grade 2), one geographic phenotype (grade 3) and420

one male pattern phenotype (grade 4). These data suggest421

that a strong deleterious skew measured in peripheral tissues422

could be predictive, but a neutral skew does not necessarily423

mean disease will not be severe.424
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Investigating the correlation of X inactivation skew425

correlation and disease severity in patient pairs. We426

further explored the relationship between choroideremia dis-427

ease severity and X inactivation skew by focusing on a sister-428

sister and a mother-daughter pair, each pair sharing the same429

disease-causing variant as well as 50% of their genetic ma-430

terial (5). In addition to explaining differences in overall431

disease severity, skewed X inactivation may also be able to432

explain the geographical patterns of retinal degeneration ob-433

served in choroideremia and RPGR-linked retinitis pigmen-434

tosa (Fig. 5A and B). In particular, geographic choroideremia435

and focal pigmentary pattern in retinitis pigmentosa could re-436

flect local patches of cells with elevated deleterious skews,437

while male patterns may reflect uniformly deleterious skew438

across the tissue.439

In the first pair, carrying a 4-nucleotide deletion in CHM440

causing a frameshift, the non-skewed (50:50) 34-year-old fe-441

male C10 presented with coarse (grade 2) phenotype whereas442

her 59-year-old mother C11 with a strong protective 75:25443

skew had a milder fine (grade 1) phenotype (Fig. 5C and444

D). For a degenerative disease and given the common mu-445

tation, the mother’s higher age would be expected to cause446

a more severe phenotype than her daughter’s; in this case it447

may have been counteracted by the mother’s skewed X inac-448

tivation, favouring the expression of the healthy allele, which449

provided her with protection against choroideremia. While450

her daughter is affected, the absence of a strong deleterious451

skew may be beneficial in avoiding a stronger male pattern452

phenotype.453

In the second pair, a one-nucleotide deletion in the CHM cod-454

ing sequence caused both sisters C2 (73 years old) and C3 (64455

years old) to develop choroideremia, but to very different ex-456

tent (Fig. 5E and F). C2 had a very strong 88:12 skew and457

a grade 4/male pattern retinal degeneration, suggesting that458

the skew was deleterious. Unfortunately the CHM variant459

was not contained within a haplotype block with informa-460

tive CpG islands, so the direction of the skew could not be461

formally ascertained. However, we could determine that her462

sister C2 had a skew in the opposite direction (33:67), and463

therefore protective, which matched with her much milder464

grade 2/coarse phenotype. These examples thus illustrate the465

high explanatory power of skewed X inactivation in X-linked466

diseases.467

Discussion468

In this study we demonstrate the use of long-read genomic469

sequencing to measure skewed X Chromosome inactivation.470

The same data also allows calling of small and large variants:471

we detected pathogenic intronic and exonic small variants, as472

well as large structural variants, in a cohort of female patients473

affected by X-linked retinal disorders. It confirmed previ-474

ous work outlining the superiority of long reads over short475

reads to detect variants in the repetitive exon 15 of RPGR476

(Carss et al., 2017; Yahya et al., 2023; Bonetti et al., 2023;477

Vaché et al., 2024) or structural variants in CHM (Fadaie478

et al., 2021) among other genes (Nakamichi et al., 2023).479

Where typically multiple assays might be necessary to obtain480

this information (short-read exome sequencing, short-read481

genome sequencing, genome CNV microarray, restriction-482

enzyme/PCR-based tests of skew (Caylor, 2023)), long-read483

sequencing combined with our new skew analysis method484

has the potential to replace all of those with one workflow,485

accelerating the diagnostic journey and reducing its cost. As486

more and more long-read population genomics projects get487

underway, factoring in skewed X inactivation (or epigeno-488

type) is likely to improve the genotype-phenotype correla-489

tions in females.490

Our method takes a chromosome-wide approach, drawing491

data from hundreds of CpG islands to derive an accurate esti-492

mate of the X inactivation skew in the sequenced sample. All493
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Fig. 5. Clinical phenotypes of CHM and RPGR variant carriers and correlation with X inactivation skew. A) Classification of retinal disease in female carriers of
choroideremia based on 55-degree retinal fundus autofluorescence images, illustrative of the classification by Edwards et al. (2015): fine, coarse, geographic and male pattern
degeneration. B) Classification of retinal disease in female carriers of RPGR-associated X-linked retinitis pigmentosa based on 55-degree retinal fundus autofluorescence
images, illustrating the classification by Nanda et al. (2018): normal, radial pattern, focal pigmentary retinopathy and male pattern degeneration. C) Discordant clinical
phenotypes of 34-year-old female C10 and her 59-year-old mother C11 carrying the same pathogenic CHM variant. C10 presents with coarse (grade 2) phenotype and
C11 presents with fine (grade 1) phenotype. C11 had a pronounced buccal swab X inactivation skew (25:75) in favour of expressing the healthy allele, consistent with a
milder disease phenotype. 30-degree fundus autofluorescence images of right and left eyes are depicted for both carriers. D) Discordant clinical phenotypes of 73-year-old
female C2 and her 64-year-old sister C3, carrying the same CHM variant. C2 presents with male pattern degeneration (grade 4, picture also used to illustrate the grade 4
classification in panel A) and C3 presents with a coarse (grade 2) phenotype. C2 and C3 had skews in opposite directions, but the direction relative to the variant could not
be determined. 55-degree fundus autofluorescence images of right and left eyes are depicted for both carriers.

samples are informative, contrary to traditional tests based494

on a single locus that is not sufficiently polymorphic in 20%495

of cases (Fahim et al., 2020; Johansson et al., 2023). By us-496

ing adaptive sampling to enrich for X-Chromosome reads, we497

obtain a 3–4-fold reduction in sequencing cost per sample498

while keeping the sample preparation very straightforward499

(standard ligation-based library preparation protocol). Adap-500

tive sampling is independent of methylation and therefore501

does not impact skew quantification. However, our analysis502

is equally applicable to whole-genome, unbiased sequencing503

as long as X Chromosome coverage is 15 or above. This504

lower limit on coverage is imposed by the requirement to505

cluster reads overlapping CpG islands into two groups based506

on their methylation pattern. With lower coverage, the two507

groups may not be sufficiently sampled and cluster definition508

becomes more difficult resulting in fewer informative CpG509

islands (Supp. Table S1). When possible, sequencing longer510

reads (20 kb+) has multiple advantages: increases in adaptive511

sampling efficiency, in the overall proportion of the X Chro-512

mosome that is haplotyped, in the haplotype block lengths,513
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in the number of haplotyped CpG islands, and in the number514

of CpG island-overlapping reads that are both clustered and515

phased. Longer reads thus provide more data for estimating516

the skew, and also facilitate orienting the skew relative to a517

variant of interest.518

It is important to note that skew can vary from tissue to tissue519

within one individual (GTEx Consortium et al., 2017), and520

certain tissues become more clonal/skewed with age (Juch-521

niewicz et al., 2023; Hatakeyama et al., 2004). Therefore522

there is a risk in extrapolating to a different, inaccessible,523

disease-relevant tissue. This risk can be mitigated by sam-524

pling multiple tissues. In our study we prioritised the buccal525

mucosa skew to extrapolate to the retina, while the saliva and526

blood skews could provide additional evidence of a global,527

organism-wide skew and increase the confidence in the ex-528

trapolation.529

Orienting the skew relative to the disease-causing variant530

in the absence of trio data varied in difficulty according to531

the locus. For a CpG-island rich, repeat-poor locus such as532

RPGR, in all patients (4/4) the haplotype block containing the533

variant spanned several informative CpG islands and there-534

fore the skew could be oriented with high-confidence without535

any trio data. By contrast, phasing of the CHM locus was of-536

ten interrupted by complex regions or runs of homozygosity.537

With the nearest CpG island at the DACH2 promoter 300 kb538

away from the 3’ end of the CHM coding sequence, for 6 out539

of 12 patients the haplotype block carrying the variant did540

not overlap a CpG island. Two of the skews could be ori-541

ented using relatedness, but for the remaining patients, trio542

data would be required to definitively orient the skew. This543

would not require long-read sequencing but could be done544

simply by PCR genotyping.545

Compared to transcriptome-based estimates of skewed X in-546

activation (Werner et al., 2022), sequencing the native ge-547

nomic DNA allows to orient the skew even for genes that are548

not expressed in the sampled tissue. Other benefits include a549

simplified sample collection and preparation, and the identi-550

fication of all variants rather than exonic variants only.551

The contribution of X inactivation skew to X-linked inher-552

ited retinal disease phenotypes in females remains under-553

studied (Fahim and Daiger, 2016; Fry and MacLaren, 2023).554

In our cohort of 16 affected females, there was an over-555

representation of skewed X inactivation, and in all severely556

affected females we found the skew orientation to be dele-557

terious (or in one case predicted to be deleterious with high558

confidence). By contrast, protective skew in the female rel-559

atives of severely affected patients correlated with milder560

symptoms. Cumulative with previous reports of correla-561

tion between skew and RPGR-associated retinitis pigmentosa562

(Fahim et al., 2020), this confirmed the potential for high563

explanatory power of skewed X inactivation in X-linked in-564

herited retinal disease manifestation in females, and encour-565

ages investigating its use in prognostics. As gene therapy566

solutions for inherited retinal diseases are emerging, includ-567

ing for RPGR and CHM (Cehajic-Kapetanovic et al., 2020;568

Martinez-Fernandez de la Camara et al., 2022; Britten-Jones569

et al., 2022; Xue et al., 2018), early identification of candidate570

patients who would benefit from this treatment is crucial, in571

order to rescue expression before irreversible retinal damage.572

Besides assessing the skew for individual variants, quantify-573

ing X inactivation skew can also be used to improve phasing574

of the X Chromosome. For strongly skewed samples, haplo-575

type blocks overlapping CpG islands can be linked so haplo-576

type 1 is consistently a single parental allele. Analysis of epi-577

allele bias may also be extended to autosomes, for instance in578

pharmacogenetic panels, if there is evidence of variable ex-579

pression correlating with differences in DNA methylation.580

In conclusion, reporting X inactivation skew adds an impor-581

tant additional layer of information for all X-linked diseases582

or risk variants. As such we expect our method to become583
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part of the routine analysis pipeline for long-read population584

genomic datasets.585

Methods586

Patient sample collection. This multisite study included587

two cohorts of female carriers of RPGR-associated retini-588

tis pigmentosa and choroideremia. The Australian site re-589

ceived ethics approval from The Royal Victorian Eye and Ear590

Hospital Human Research Ethics Committee (Ethics ID: 19-591

1443H). The United Kingdom (UK) site received ethics ap-592

proval from the Anglia Ruskin University Human Research593

Ethics Committee (Ethics ID: ETH2223-5360). The wet lab594

component of this study received ethics approval from the595

Walter Eliza Hall Institute (Ethics ID: 20/16B). Written in-596

formed consent was obtained from each participant prior to597

commencement of the study, which was undertaken at the re-598

spective sites.599

We used Oragene OG-600 and OCR-100 kits (DNA Genotek)600

for saliva and buccal mucosa collection, respectively. Pa-601

tients provided saliva samples by spitting into a tube until602

the saliva (not foam) passed the fill-line. Buccal swab in-603

volved using the cotton tip in the collection kit to rub inside604

the cheek (no scraping involved). The genetic variants for the605

participants are outlined in Table 1.606

Clinical visits. The clinical component of this study was607

part of a larger project investigating retinal phenotypes of fe-608

male carriers of X-linked inherited retinal disorders, which609

involved participants attending a research visit for a compre-610

hensive ocular examination. Of interest to the current study,611

participants had fundus autofluorescence imaging performed612

to classify their retinal severity according to current grad-613

ing scales for RPGR-associated retinitis pigmentosa (Nanda614

et al., 2018) and choroideremia (Edwards et al., 2015), and a615

selection of these images have been utilised in this publica-616

tion.617

DNA extraction. Blood, saliva and buccal mucosa samples618

underwent DNA extraction at the Australian Genome Re-619

search Facility (AGRF) using a QIAgen DNeasy blood &620

tissue kit. Retinal DNA was extracted from 3 mm diameter621

retinal discs with a QIAamp DNA Micro Kit.622

Nanopore library preparation. Extracted genomic623

DNA was quantified with a Qubit and assessed for pu-624

rity on a NanoDrop and assessed for fragmentation on625

a TapeStation. Samples that showed excessive frag-626

mentation were size selected in one of two ways: when627

more than 3 µg of DNA were available, the samples628

were subjected to semi-selective DNA precipitation (v2,629

https://community.nanoporetech.com/extraction_methods/size-630

selection2) based on Jones et al. (2021)); if fewer than 3 µg631

were available, we used a 0.82X High-Molecular Weight632

bead clean-up (Promega ProNex). 1 µg of DNA for each633

sample was then sheared to a 10–20 kb target range using634

Covaris G-tubes (two 30-second spins at 3,000 g) and taken635

forward for library preparation following the instructions636

for genomic DNA sequencing with barcoding kit 14 (SQK-637

NBD114.24, Oxford Nanopore Technologies). Three-to-four638

barcoded samples were pooled together for each library to639

be sequenced on one flow cell.640

Nanopore sequencing. 160 ng of library were loaded on641

R10.4.1 PromethION flow cells (FLO-PRO114M), and run642

to exhaustion on a PromethION P24 running MinKNOW643

v23.04.6, using adaptive enrichment of the X Chromosome644

from the T2T-CHM13v2 genome reference.645

Ground truth mouse dataset with genetically skewed646

X inactivation. All mice were maintained and treated in ac-647

cordance with Walter and Eliza Hall Institute Animal Ethics648

Committee approved protocols (approval numbers 2018.004,649
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2020.048 and 2020.050). XistΔA mice (Royce-Tolland et al.,650

2010) were obtained from Dr. Graham Kay, Queensland651

Institute of Medical Research, and kept on a 129/Sv back-652

ground. Triplicates of F1 129Cast neural stem cells were653

derived from E14.5 cortical dissections of three embryos re-654

sulting from crosses between XistΔA/+ 129 dams and Cast655

sires, as described in Jansz et al. (2018). High-molecular656

weight DNA from 2M neural stem cells was extracted with657

the Monarch HMW Cell kit (New England Biolab) with ag-658

itation at 300 rpm. DNA was resuspended in 750 ul EEB659

buffer for ultra-long nanopore library preparation. Libraries660

were prepared with the ultra-long kit (SQK-ULK001) using661

all the DNA from the extraction. Each sample was run on662

one R9.4.1 PromethION flow cell (FLO-PRO002) with two663

intermediate washes and reloads. Adaptive sampling was not664

performed for this dataset. The triplicates were pooled for665

the skew analysis.666

Adaptive sampling calibration. We start by deriving an es-667

timate of enrichment efficiency as a factor of read lengths,668

to inform library preparation strategy. When enriching for669

a whole chromosome or in cases where the target length is670

much larger than read lengths (Ltarget ≫ Lread), on-target out-671

put is maximised by having the longest read lengths pos-672

sible. As reads are sampled at random, without adaptive673

sampling the proportion of the time p that a pore spends674

acquiring data is simply proportional to the target space675

(p ∝ Ltarget/Lgenome) and is independent of read lengths if676

the wait time between reads twait is much smaller than the677

time it takes to sequence a read tseq (twait ≪ tseq). However678

with adaptive sampling, on average the pore has to sample679

noff = Lgenome/Ltarget off-target reads before finding a read680

that is on-target. So the proportion of time spent acquiring681

on-target data is reduced to682

p =
tseq

tseq + tsearch

where tsearch is the time spent trying and discarding off-target683

reads, composed of noff repeats of treject + twait, with treject684

the time it takes to sample and reject an off-target read. By685

denoting the sequencing speed (4̃00 b/s) as s, we have tseq =686

Lread
s , and thus687

p = 1
1+ sLgenome(treject+twait)

LreadLtarget

In the case of a human genome (3.1 Gb) and targeting the en-688

tire X Chromosome (154 Mb), taking treject = 2.3 s based on689

rejected reads of length 900 b and assuming twait = 0.5 s, with690

1 kb reads the proportion of time spent acquiring on-target691

data is only p = 4.2% while with 10 kb reads it increases to692

31%.693

Skew analysis pipeline. Reads from POD5 files694

were basecalled and mapped to the T2T-CHM13v2695

human genome reference using dorado v0.3.2696

(https://github.com/nanoporetech/dorado) and the697

dna_r10.4.1_e8.2_400bps_sup@v4.2.0 model (or698

dna_r10.4.1_e8.2_400bps_sup@v4.0.0 for the first two699

flow cells that were sequenced with 4 kHz sampling).700

Dorado uses minimap2 (Li, 2018). Modified basecalling701

was performed concurrently for 5mCG_5hmCG using702

the dorado argument --mod_bases 5mCG_5hmCG (v2703

model). mosdepth v0.3.3 (Pedersen and Quinlan, 2018)704

and NanoComp v1.21.0 (De Coster and Rademakers, 2023)705

were used for coverage calculations and quality control.706

Modbam files from each patient’s samples were merged707

to call SNVs with DeepVariant v1.5.0-gpu (Poplin et al.,708

2018) on the X Chromosome using the ONT_R104 model,709

and filtered for high-quality ‘PASS’ calls using BCFtools710
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(Li, 2011). The variant call file (VCF) was then phased711

using WhatsHap v1.7 (Martin et al., 2016) using the merged712

modbam file. Each sample modbam (saliva, buccal, and713

blood and retina if available) was then processed individually714

by NanoMethViz v2.7.8 (Su et al., 2021) to cluster reads by715

their CpG island methylation pattern, using the HDBSCAN716

algorithm (Hahsler et al., 2019) and setting the minimum717

number of reads to form a cluster as 5. The UCSC CHM13v2718

(or mm10 for mouse) CpG island annotation was used. CpG719

islands for which there were exactly two clusters were used720

to assign Xa and Xi labels to the reads of each cluster (Xa721

for the low methylation cluster, Xi for the high methylation722

cluster, reversing these labels in the case of the XIST/Xist723

promoter CpG island). Within each haplotype block, the724

number of haplotype 1/Xa, haplotype 2/Xi, haplotype 1/Xi725

and haplotype 2/Xa reads were counted to estimate the726

block-wise skew, and to estimate the sample skew as the727

value that maximises the joint probability of observing those728

counts over all blocks.729

Given this sample skew, log-odds of haplotype 1 being730

the predominantly active vs inactive X for a given haplo-731

type block is given by logodds = (2 × successes − trials) ×732

log10(p)+(trials −2× successes)× log10(1−p).733

We used R packages plyranges v1.20.0 (Lee et al., 2019) for734

genomic interval manipulation and cowplot v1.1.1 for visu-735

alisation.736

The pipeline is made available as a nextflow pipeline:737

https://github.com/QGouil/SkewX and is archived as Supple-738

mentary Material Supplemental code.739

Data access740

The mouse neural stem cells ultra-long741

nanopore gDNA sequencing data have been742

submitted to the EBI ArrayExpress database743

(https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-744

MTAB-13706) under accession number E-MTAB-13706.745

The patients’ genomic nanopore sequencing data gen-746

erated in this study have been submitted to the Eu-747

ropean Genome-Phenome Archive (EGA, https://ega-748

archive.org/studies/EGAS50000000440) under accession749

number EGAS50000000440.750
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