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Extended Data Fig. 3 | Identification of haplotype-specific chromatin 
architectures within HLA locus. a, View of single-molecule haplotype-resolved 
genetic information, CpG methylation information and chromatin accessibility 
information for a heterozygous single-nucleotide variant (SNP) identified for 
GM12878 within the HLA locus. Note that all information is derived from the same 
sequencing reads. Denoted below is the location of a predicted CTCF binding 
element, and immediately above it are two fibers that demonstrate single-

molecule protein occupancy at this site. b, Quantification of CpG methylation 
surrounding this SNP (top), as well as the percentage of fibers with a FIRE element 
overlapping that SNP (bottom), by haplotype. The box bounds the interquartile 
range (IQR) divided by the median, and the whiskers extend to the minima and 
maxima of the data. *Top, p value = 0.00077 (one-sided paired t test without 
adjustment for multiple comparisons, n = 8). *Bottom, p value = 0.00061 (one-
sided Fisher’s exact test without adjustment for multiple comparisons).
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Extended Data Fig. 4 | Haplotype-specific chromatin accessibility of NBEA 
promoter and transcript NMD. a, Per-molecule chromatin accessibility of the 
NBEA promoter along both the der(13) and intact chr13 chromosomes within 
patient-derived fibroblasts. Chromatin accessibility was measured using Fiber-
seq. b, Schematic representation for resolving whether the fusion transcripts 
are being subjected to nonsense-mediated decay (NMD). Specifically, long-read 

transcript sequencing was performed on samples before and after treatment 
with the NMD inhibitor cycloheximide. The libraries were sequenced to similar 
depths, and the total number of transcripts corresponding to the NBEA–chrX 
fusion transcripts was quantified in both samples. c, Same as b, but for the PDK3–
MAB21L1 fusion transcript.

http://www.nature.com/naturegenetics
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Extended Data Fig. 5 | PDK3 protein levels in patient cells. a, Western blot 
of phospho-PDH and PDH in HEK293 cells, as well as HEK293 cells containing 
a viral expression vector for the intact PDK3 protein, or the PDK3–MAB21L1 
fusion protein. b, Western blot of PDK3 in HEK293 cells, as well as HEK293 
cells containing a viral expression vector for the intact PDK3 protein, or the 

PDK3–MAB21L1 fusion protein. * indicates protein bands selectively present in 
the PDK3-MAB21L1 sample. c, Western blot of PDK3 and actin protein levels in 
patient-derived fibroblasts, as well as control age-matched fibroblast cultures 
and retinal organoids. All experiments in the figure were performed once.

http://www.nature.com/naturegenetics


Nature Genetics

Technical Report https://doi.org/10.1038/s41588-024-02067-0

Extended Data Fig. 6 | Cell-selective expression of MAB21L1. a, (Top) Bar plot 
showing the bulk tissue RNA expression of MAB21L1 (ENSG00000180660) from 
various GTEx samples are displayed by www.proteinatlas.org. (Bottom) Bulk 
expression of NBEA, MAB21L1 and PDK3 during retinal organoid differentiation 
as a function of the age of the organoid. TPM, transcripts per million. b, Volcano 
plot showing the absolute difference in the percentage of chromatin fibers with 

chromatin accessibility for each peak genome-wide between the paternal and 
maternal haplotypes for the retinal organoid Fiber-seq data from UDN318336. 
The MAB21L1 regulatory elements that are disrupted on der(13) are highlighted 
in red. Blue dash represents the nominal significance line (p < 0.05; two-sided 
Fisher’s exact test without adjustment for multiple comparisons).

http://www.nature.com/naturegenetics
http://www.proteinatlas.org
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Extended Data Fig. 7 | 3C chromatin interactions between PDK3 promoter 
and MAB21L1 enhancer. Results from chromatin conformation capture (3C) 
experiment using induced pluripotent stem cells (iPSCs) and retinal organoids 
from UDN318336. For the iPSC 3C experiment, displayed is the relative 

enrichment of different regions of the PDK3 gene for interactions with the 
MAB21L1 enhancer. For the retinal organoid 3C experiment, as a limited amount 
of 3C library was obtained, displayed are the qualitative results of qPCR for each 
of the tested interactions.

http://www.nature.com/naturegenetics
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Extended Data Fig. 8 | PDK3 protein levels in patient retinal organoids and 
PHD activity in iPSCs. a, Western blot images showing quantification of PDK3, 
phospho-PDH, PDH and β-actin levels in patient-derived retinal organoids, 
as well as age-matched retinal organoids from a separate unaffected and 
unrelated individual. Data from two separate protein extractions are displayed. 

Quantification of phospho-PDH to PDH level is shown at the bottom. b, Pyruvate 
dehydrogenase activity assay on iPSCs from UND318336, as well as control iPSCs. 
Data are presented as mean values ± SEM, and results are from three replicates 
(n = 3). NS, not significant (p value = 0.11), unpaired two-sided t test.

http://www.nature.com/naturegenetics
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Extended Data Fig. 9 | Comparison with prior chromosome X;13 translocations. Ideogram showing the translocation breakpoints and derivative chromosomes 
for this case, as well as a previously published case who similarly had bilateral retinoblastomas. The translocation breakpoints for the previously published case are 
estimated based on the karyotype.

http://www.nature.com/naturegenetics
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Extended Data Fig. 10 | Allelic imbalance differences along chr13. a, Swarm 
plot showing the overall haplotype imbalance in chromatin accessibility along 
autosomes (except for chromosomes 13 and 14), chromosome X, chromosome 
14 and two portions of chromosome 13 within GM12878 and GM24385 cells. P 
value calculated using a one-sided Mann–Whitney U test without adjustments for 
multiple comparisons. b, Swarm plot showing the overall haplotype imbalance 
in transcript production along autosomes (except for chromosomes 13 and 14), 

chromosome X, chromosome 14 and two portions of chromosome 13 within 
UDN318336 and GM12878 cells. P value calculated using a one-sided Mann–
Whitney U test without adjustments for multiple comparisons. c, Swarm plot 
showing the haplotype imbalance in chromatin accessibility at different regions 
of chromosome 13 in fibroblasts from UDN318336. P value calculated using a one-
sided Mann–Whitney U test without adjustments for multiple comparisons.

http://www.nature.com/naturegenetics
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Reporting Summary
Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency 
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection No software was used for data collection
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Data analysis Custom software was created for the analysis described in the methods of the manuscript. Below we list the software and links to their 
permanent versions on Zenodo.  
  
- FIRE multi-ome-v0.1: https://doi.org/10.5281/zenodo.12701477, https://github.com/fiberseq/FIRE 
- k-mer-variant-phasing v0.0.1: https://doi.org/10.5281/zenodo.10655504, https://github.com/mrvollger/k-mer-variant-phasing 
 
Additionally the following tools were used: 
- DeepVariant v1.5.0 
- pbsv v2.9.0 
- Hiphase v1.2.1 
- yak v0.1 
- pb-CpG-tools v2.2 
- SMRT Link v12.0 
- pbfusion v0.1 
- Python v3.9 
- whatshap v2.3 
- hifiasm v0.19 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All raw and processed sequencing data generated for GM12878, GM23485, GM20129, and HG02630 in this study have been submitted to the NCBI BioProject 
database (https://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRJNA1124997. Restrictions apply to the availability of some data generated or 
analyzed during this study to preserve subject confidentiality. Genomic data for our case report are accessible to the scientific community through the Undiagnosed 
Disease Network (dbGaP). Individuals interested in accessing UDN data through dbGaP should submit a data access request (DAR). Detailed instructions for this 
process can be found on the NIH Scientific Data Sharing website: https://sharing.nih.gov/accessing-data/accessing-genomic-data/how-to-request-and-access-
datasets-from-dbgap. Cell lines obtained from the NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research include GM12878, GM23485, 
GM20129, and HG02630. The UDN318336 fibroblast line was obtained directly from UDN participant UDN318336. Hia5 enzyme and plasmid is available upon 
request. ONT data for the CpG comparison from Epi2me (https://labs.epi2me.io/giab-2023.05/,  super accuracy analysis level 60x bam files). 
 
Processed FIRE results for GM12878, GM23485, GM20129, HG02630, UDN318336, and retinal organoid derived from UDN318336 are publicly available as track 
hubs hosted on AWS and can be directly linked into the UCSC genome browser: 
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/GM12878_pacbiome/trackHub/hub.txt  
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/HG002_pacbiome/trackHub/hub.txt  
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/GM20129_PS00447/trackHub/hub.txt  
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/HG02630_PS00445/trackHub/hub.txt  
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/UDN318336/trackHub/hub.txt  
https://s3-us-west-1.amazonaws.com/stergachis-manuscript-data/2023/Vollger_et_al_long-read_multi-ome/UDN318336_retinal/trackHub/hub.txt  

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Chromosome count and sex assigned at birth for the five samples used in this study are provided.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Race and ethnicity information are not relevant to this study.

Population characteristics Additional population covariates are not relevant for this rare disease case report.

Recruitment Participant was recruited through the Pacific Northwest Undiagnosed Diseases Network site using an IRB approved protocol.

Ethics oversight This study was approved by the National Institutes of Health Institutional Review Board (IRB) (IRB # 15HG0130), and written 
informed consent was obtained from all participants in the study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical method was used to predetermine sample size as this study involved genetic testing of a single individual with a unique disease. 

Data exclusions No data were excluded from any of the experiments described. 

Replication To confirm the reproducibility of the multi-ome sequencing and the computational results we repeated the experiments on four well 
characterized cell lines (GM12878, GM23485, GM20129, and HG02630) and found consistent results as reported in Table 1. 

Randomization Randomization is not relevant to this study as this is a single case report.

Blinding Blinding is not relevant to this study as this is a single case report. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used PDHA1: Abclonal A13687 

p-PDHA1 S293: Abclonal AP1022 
PDK3: Abclonal A8028 
PDK3: Abclonal A12480 
Beta Actin: Cell Signaling Technology 3700S 
Anti rabbit IgG, HRP linked Antibody, Cell Signaling Technology #7074S 
Anti-mouse IgG, HRP-linked Antibody. Cell Signaling Technology #7076S

Validation Antibodies were validated to ensure they were detecting the correct sized protein product, per manufacture website. 

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Cell lines GM12878, GM23485, GM20129, and HG02630 were obtained from the NIGMS Human Genetic Cell Repository at 
the Coriell Institute for Medical Research. The UDN318336 fibroblast line was obtained directly from UDN participant 
UDN318336. 

Authentication GM12878 and GM23485 were authenticated using GIAB variant calls. GM20129 and HG02630 were authenticated using 
publicly available CpG methylation and parental short-read data.

Mycoplasma contamination No Mycoplasma was detected in the sequencing data.
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Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study.

Novel plant genotypes NA

Seed stocks NA

Authentication NA

Plants




