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Abstract

The completion of a telomere-to-telomere human reference genome (T2T-CHM13) has resolved 

complex regions of the genome, including repetitive and homologous regions. Here we present 

a high-resolution epigenetic study of previously unresolved sequences, representing entire 

acrocentric chromosome short arms, gene family expansions, and a diverse collection of repeat 

classes. This resource precisely maps CpG methylation (32.28 million CpGs), DNA accessibility, 

and short-read datasets (166,058 previously unresolved ChIP-seq peaks) to provide evidence 

of activity across previously unidentified or corrected genes and reveal clinically relevant 

paralog-specific regulation. Probing CpG methylation across human centromeres from six diverse 

individuals generated an estimate of variability in kinetochore localization. This analysis provides 

a framework to investigate the most elusive regions of the human genome granting insights into 

epigenetic regulation.

One Sentence Summary:

The T2T-CHM13 assembly enabled generation of a comprehensive epigenetic annotation of the 

remaining 8% of the human genome.

INTRODUCTION

The human reference genome has served as the foundation for many large-scale epigenetic 

initiatives (1-3) that aimed to catalog regulatory elements involved in gene activity and 

cellular function. However, efforts to construct a complete annotation of functional elements 

have been hampered by an incomplete reference genome. With recent technological 

advances, we are now able to study genome structure and function comprehensively across 

the finished, telomere-to-telomere (T2T-CHM13) human genome assembly based on the 

CHM13 cell line derived from a complete hydatidiform mole (4). As a result, we can 

now broaden the human epigenome to include 225 million basepairs (Mbp) of sequence, 

representing entire acrocentric chromosome short arms, gene family expansions, and a 

diverse collection of repeat classes.

The epigenome is influenced both by the specific genetic sequence and the sequence 

context, i.e. the flanking regions and placement of the loci within the complex structure 

and organization within the nucleus (5). The same genetic sequence can perform different 

functions or be regulated differently depending on the location of the sequence and its 

epigenetic state. This is especially relevant given possible evolutionary advantages that 

may be conferred by gene duplication, such as selectively silencing or activating different 

paralogous gene copies. These processes are hypothesized to diversify gene activity across 
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developmental time and different tissues (6). Beyond evolutionary questions, epigenetic 

dysregulation of repetitive sequences can play a key role in development and human 

disease. A diverse set of repeat sequences, difficult to probe in the human reference genome 

GRCh38, have been implicated in facioscapulohumeral muscular dystrophy (FSHD) (due 

to deletions in D4Z4) (7), schizophrenia (linked to an expanded repeat in TAF11) (8), 

neuroblastoma (linked to somatic hypomethylation of SST1) (9), lung cancer (associated 

with CT47 expression) (10), pancreatic ductal adenocarcinomas (associated with HSat2 

expression) (11) and immunodeficiency, centromeric region instability, facial anomalies 

syndrome (ICF) (linked to heterochromatin abnormalities in HSat2,3) (12).

Within the improved T2T-CHM13 reference, the previously unresolved areas are highly 

repetitive, containing only infrequent sites of unique, mappable regions. This presents a 

limitation to short-read sequence mapping strategies, even with a more accurate reference 

and unique k-mer anchored alignments (13, 14). Emerging long-read technologies (15) 

offer sequence lengths capable of spanning infrequent unique markers and provide a direct 

measurement of the base sequence and epigenetic state on single molecules (16, 17).

RESULTS

Epigenetic profiles from a T2T genome in disease relevant loci

The T2T-CHM13 assembly resolves gaps and corrects misassembled or patched regions 

in GRCh38, leading to the introduction of nearly 225 Mbp (4). Using existing short-read 

epigenetic data from the ENCODE project (1) we probed previously unidentified areas 

of the genome. To ensure accurate mapping to these regions, we intersected ENCODE 

ChIP-seq alignments with unique k-mers of varying size of k (range k=50 to 100; fig. S1 

and tables S1 and S2) (1, 18). On average 2.35% more reads mapped to T2T-CHM13 than 

GRCh38 across six different histone marks and CTCF, an important regulator of chromatin 

architecture (fig. S2). Reads filtered out of GRCh38 due to non-unique mapping were 

largely confined to the satellite DNA and segmental duplications (SDs)(fig. S3). While the 

total number of peaks called per sample was variable due to differences in cell type, all 

samples had an increase in the number of peaks called when comparing T2T-CHM13 to 

GRCh38 (Fig. 1A). As expected, we saw the most dramatic increase in H3K9me3 (19.4%) 

and H3K27me3 (15.2%) enrichment compared to GRCh38 (Table 1), consistent with the 

introduced peri/centromeric satellites (CenSat), SDs, and other repetitive sequences in T2T-

CHM13 (Fig. 1A) that are associated with constitutive heterochromatin (19). The number of 

called peaks in activating marks increased as well; most notably there was a 4.9% increase 

in H3K36me3, a mark present across active gene bodies. Previously unresolved activating 

histone peaks (H3K27ac, H3K4me1, H3K36me3, and H3K4me3) and CTCF were primarily 

enriched in unique genic regions and in SDs (Fig. 1A).

T2T-CHM13 increased the number of annotated genes by 5.7% (4), revealing 2,680 

genes exclusive to T2T-CHM13 with no assigned ortholog in GRCh38 (18). These gene 

predictions require detailed study for functionality and validation. Here we generate a 

functional annotation of the previously unresolved genes using activating peaks (H3K4me3 

or H3K27ac) from ENCODE cell lines. We annotated activating peaks from at least 

two ENCODE cell lines at the transcriptional start site (TSS) at 57 of these previously 
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unresolved genes (table S3). Of these loci, most (20) were lncRNAs, including LINC01666, 

known for its associations with gastric cancer (20). Many (19) were pseudogenes, including 

FSHD region gene 1 (FRG1), which is a poorly understood candidate gene for FSHD (21). 

Three were protein-coding genes, including BOLBA2B, one of the most common genes 

associated with autism (22).

Our analysis of previously unresolved ENCODE peaks revealed enrichment of peaks for 

high copy number gene families (e.g GOLGA, NPIP, ZNF, and TBC1D3) (Fig. 1B). Large 

structural variants resolved in T2T-CHM13 explain the additional ChIP-seq mapping events 

(fig. S4) Epigenetic annotation at these genetic loci may lead to insights of paralog specific 

function in evolution (e.g. human specific neural genes) and disease (23, 24). For instance, 

SMN1/2 is associated with spinal muscular atrophy (SMA) and was historically one of 

the most difficult regions to assemble (25). At the SMN2 gene, we note peaks of the 

activating H3K4me3 mark at the promoter in all four ENCODE cell lines analyzed (fig. S5), 

indicating high transcriptional activity of the gene across tissues. SMA is a leading cause 

of childhood death (26) and has the potential to be treated by regulating expression through 

histone deacetylase inhibitors (HDACI), but understanding the disease specific epigenetic 

differences between paralogs has been challenging (27).

Another previously intractable region of the genome, the HLA locus, is critical for 

understanding a wide range of biology from immunity to neuropsychiatric disorders (28, 

29). Our results reveal enrichment of ENCODE peaks across a variety of histone marks 

at the HLA locus (Fig. 1B and fig. S6A). Decreasing expression of HLA genes is 

associated with soft tissue cancers, particularly prostate cancer and can even be indicative 

of chemotherapy resistance (30). Comparing non-neoplastic adult human prostate epithelial 

cells (RWPE-1) and the c-Ki-ras transformed prostate cancer model cells from the same 

donor (RWPE-2) (31) we observed a decline in H3K27ac, an activating mark, at HLA gene 

promoters, concomitant with an increase in CTCF binding in RWPE-2 (Fig. 1C and fig. 

S6B). The differences in histone marks in this region indicate epigenetic dysregulation of the 

HLA locus in prostate cancer which may warrant further studies and inform upon potential 

therapies (32).

Long read sequencing to derive complete human methylomes

Methylation profiling has traditionally had special difficulties in mapping success rates 

to repetitive regions of the genome; such mapping inefficiencies are exaggerated by 

the bisulfite conversion of unmethylated cytosine to uracil, sequenced as thymine (33). 

Methylation profiles in T2T-CHM13 using long-read nanopore data demonstrate an increase 

in the genome coverage (32.8M compared to 29.17M in GRCh38, omitting chromosome 

Y) and surveyed more CpGs (10%, 3.18 M) when compared to short-read whole genome 

bisulfite sequencing (WGBS) (Fig. 1D). We called nanopore methylation data with 

Nanopolish (34), finding a high correlation (R=.937) both to WGBS results in regions 

mappable by both data types (Fig. 1E) and to the alternative nanopore methylation caller, 

Megalodon (R=.952) (fig. S7). Examining the difference between mapping of WGBS and 

nanopore methylation data, we generated short-read mappability scores in 200bp windows 

with a score of 0 being unmappable and 200 being highly mappable (18). We found 
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the 165Mbp of sequence with a score of 0 (highly unmappable) is enriched in SDs and 

satellite DNA. Stratifying the nanopore data by read length, we found reads longer than 

50 kilo-basepairs (kb) were capable of accurately determining methylation in these regions 

(figs. S8 and S9).

We sequenced the CHM13 cell line, representing an early developmental state and HG002, a 

terminally differentiated lymphoblast cell line. The sequenced cell line CHM13 and HG002 

nanopore datasets surveyed 32.19M (99.7% of total CpGs) and 32.26M (99.9% of total 

CpGs) CpGs. As expected for differentiated cell lines, the majority of the HG002 genome is 

methylated (75% median methylation) with a secondary peak of unmethylated CpGs largely 

reflecting unmethylated CpG islands (CGIs) (figs. S10). In contrast, CHM13 is dramatically 

hypomethylated (36.8% median methylation) as expected from a trophoblastic cell line 

(35). Comparing CHM13’s methylation state to existing DNA reduced representation 

bisulfite sequencing (RRBS) data on early human embryos (fig. S11 andtable S4) (35), 

we observed that CHM13 clusters closely with cleavage and blastocyst-stage embryos as 

well as trophectoderm tissue.

To probe chromatin state in repetitive DNA we generated long-read nanoNOMe data on 

HG002, a method where we use M.CviPI methyltransferase to decorate accessible chromatin 

with exogenous GpC methylation (16) and call CpG and GpC methylation with Nanopolish 

to measure chromatin accessibility (figs. S12 and S13). With the combination of long-read 

epigenetic data and the complete human reference, we now describe a complete human 

epigenome, providing a foundation for further study.

Paralog specific epigenetic regulation

The NBPF family of genes has been implicated in the expansion of the human prefrontal 

cortex since our lineage diverged from apes (36). One of its copies, NBPF1 has been 

reported to act as a tumor suppressor in neuroblastoma where hypomethylation of CGIs has 

been associated with astrocytoma formation (37). Understanding the regulation of this gene 

family, however, has been particularly challenging because the NBPF genes correspond to 

large high identity duplications (>98%) that are copy number polymorphic among humans 

and map to gaps in the existing reference sequences (38). The fully resolved nature of 

T2T-CHM13 allowed us to remap ENCODE data to discover regulatory elements associated 

with this gene family (Fig. 2A). When comparing the balance between H3K36me3, a mark 

of active exons/gene bodies, and H3K27me3, a repressive mark, in samples including the 

BE2C cell line (neuroblastoma) and primary brain microvascular tissue (normal brain), we 

find that BE2C shows a higher proportion of H3K27me3 peaks (BE2C 38, Brain 8) and a 

lower proportion of H3K36me3 peaks (BE2C 36, Brain 89) at NPBF loci (fig. S14 andtable 

S5). Taking advantage of the increased resolution and more accurate NBPF copy number 

provided by T2T-CHM13 (39) we assayed paralog specific epigenetic changes occurring 

in neuroblastoma (Fig. 2B). Among the different NBPF gene copies, the largest shifts in 

epigenetic regulation occur at NBPF26 and NBPF10, moving from active marks in primary 

brain microvascular tissue to repressive marks in BE2C. These specific NBPF copies are 

noteworthy because they associate with human-specific duplicate genes NOTCH2NLA and 

NOTCH2NLR, determinants of the size and complexity of the human neocortex (40). This 
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association identifies the functional NBPF copies, emphasizing the importance of studying 

paralog specific epigenetics for discovery of potential drug targets.

Regulatory regions are excluded due to low short-read mappability scores among high 

identity paralogs as in the NBPF gene family (Fig. 2C andfig. S15) (18). We find that 

genome-wide methylation, H3K4me2, a mark of active promoters, and H3K27me3, a 

repressive mark, correlate with Iso-Seq coverage (transcription), and, together, can be used 

to systematically evaluate the functional activity of this gene family (fig. S16). We correlated 

this activity with the evolutionary age of the paralogs, estimated using NBPF gene paralogs 

from six non-human primates (NHP) from local genome assembly of the NBPF gene family 

from each primate (39) (fig. S17). The oldest paralog, NBPF17P, has low Iso-Seq coverage 

correlated with an epigenetic signature consistent with a repressive state including promoter 

hypermethylation and inaccessibility, enrichment of H3K27me3 and decline of H3K4me2 

(Fig. 2D). In contrast, the younger paralogs, including human specific copies, have 

higher Iso-Seq coverage and epigenetic signatures consistent with active genes including 

hypomethylated and accessible promoters and enrichment of H3K4me2. Activity in the 

younger paralogs is more variable, with NBPF10 and NBPF20 displaying high functional 

activity and sharing promoters with NOTCH2NLA and NOTCH2NLB. Taken together, 

our results illustrate the role of epigenetics in the regulation of gene paralogs, silencing 

evolutionarily older paralogs while activating newer copies. This provides mechanistic 

insight into potentially functional genes related to human-specific cortical expansion and 

dysregulation in neoplasia.

Array specific epigenetic regulation of tandem repeats

Using k-mer directed ENCODE alignments to the T2T-CHM13 reference, we report 

epigenetic features from human centromeric regions, subtelomeres, and acrocentric short 

arms, which represent previously unresolved regions of the genome that are dominated by 

CenSat DNAs (fig. S18). Five different ENCODE lines had an enrichment of H3K9me3 

in CenSat DNA, notably observed in short-read mappable regions of the acrocentric short-

arms (fig. S19). Interestingly, SJCRH30 (a rhabdomyosarcoma derived line) had lower 

H3K9me3 enrichment in CenSat compared to the rest of the chromosome, suggesting 

satellite epigenetic dysregulation as a clinically relevant pathology in rhabdomyosarcoma 

(figs. S19 andS20A and B). This trend can be observed with more detail in an HSat3 repeat 

on the acrocentric arm of chromosome 15, where H3K9me3 in SJCRH30 is clearly depleted 

in comparison to HAP-1 (fig. S20C).

In contrast to these heterochromatic marks, we found significant enrichment of activating 

marks, including H3K27ac, H3K4me3, and CTCF in the telomere associated repeat (TAR) 

region, typically located 2kb upstream from the canonical telomeric repeat. A CTCF site 

in the TAR loci drives transcription of the TERRA lncRNA (41); a negative regulator 

of telomerase-mediated telomere elongation. We observed enrichment of CTCF in all 

ENCODE cell lines at the TAR loci (fig. S21A). But the subtelomeric regions are rich 

in SDs resulting in the TAR sequence being dispersed throughout the genome (42). When 

comparing telomeric TAR sequences to non-telomeric TAR sequences we do not observe 

statistically significant differences (Kruskal-Wallis, p-value=0.12) in sequence divergence 
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(fig. S21B). While both telomeric and non-telomeric TAR sequences are enriched for 

CTCF, the non-telomeric TAR sequences are more enriched for activating chromatin marks 

H3K27ac and H3K4me3, suggesting differences in TERRA activity.

Examining nanopore CpG methylation in tandemly repeated satellite DNA elements in 

CHM13 and HG002 revealed hypomethylation in CHM13 compared to HG002 (Fig. 3A) 

(43). To assess the chromatin profile of satellite repeats we called accessibility peaks from 

the HG002 nanoNOMe data (18). We found that corrected for the size of the region, 

repeats have lower peak density than the genome as a whole. The number of nanoNOMe 

peaks per megabase of sequence was lower in satellite DNA (1.5), LINEs (8), SINEs 

(15), and LTRs (13.4) compared to the whole genome (31.8) (Fig. 3B and table S6) 

(44). The human satellites (HSat 2,3) and monomeric alpha satellites (MON) were largely 

devoid of accessibility peaks. Repetitive DNA is typically associated with densely packed 

heterochromatin (45); our findings are consistent with this association and transcriptional 

profiles from (44). However, our data allows us to investigate accessibility profiles within 

previously unmappable satellite repeats.

Contrary to the expectation of compact chromatin and satellite DNA, we discovered 

enrichment of accessibility peaks in the SST1 satellite both inside the CenSat (41.4 peaks/

Mbp) and in the chromosome arms (198.1 peaks/Mbp). Our peak annotations in HG002 

were consistent with (44) which show higher activity in CHM13 at non-centromeric arrays 

on chromosomes 4 and 19 in comparison to other SST1 arrays (table S7). After the SST1, 

the satellite repeat with the second highest peak enrichment was the ACRO_Composite, 

a 7kb repeat found across 12 chromosomes, including as tandemly arrayed sequences 

across the five acrocentrics with high sequence identity across composite units (44). The 

tandemly arrayed promoter elements in the ACRO_composite give rise to a periodic 

bimodal methylation structure across the array (Fig. 3C). This epigenetic pattern has been 

proposed to be important for both the efficient transcription of non-coding RNAs and 

maintenance of the nearly perfect tandem arrays (46). The array has regions of increased 

CpG methylation which were associated with nanoNOMe peaks and transcription (CHM13 

PRO-seq) (Fig. 3C). We quantified nanoNOMe peak densities across the ACRO_Composite 

between chromosomes and found chromosome 21 has the highest (4.5 peaks/100kb) and 

chromosomes 13 and 15 have the lowest (0 peaks/100kb) (Fig. 3D). The absence of 

nanoNOMe peaks in chromosomes 13 and 15 is correlated with low transcriptional activity 

(fig. S22). This high-resolution look within the acrocentric repeats suggests chromosome 

specific activity of the ACRO_Composite across both CHM13 and HG002, suggesting a 

persistent functional role for the ACRO non-coding RNA throughout early and late-stage 

development.

In contrast, we also observed methylation periodicity in untranscribed satellite repeats such 

as the HSat2, these regions were largely inaccessible as measured by nanoNOMe (Fig. 3E) 

(44). This periodicity in methylation corresponds to the underlying chromatin structure and 

echoes the genetic repeat size, suggesting the presence of functional genomic elements. Our 

initial epigenetic assessments of these assembled satellite sequences indicate a complicated 

regulatory structure stretching beyond the accepted notion that the repetitive fraction of 
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mammalian genomes is entirely methylated and repressed by a highly condensed chromatin 

state (47).

Single read level analysis in satellite arrays reveals array heterogeneity

Long-reads, coupled to a complete reference assembly, confer the ability to explore 

methylation patterns of single molecules, each of which represents the methylation pattern 

of a single allele from a single cell. The X chromosome provides a unique opportunity to 

study these patterns because of the role of allele specific methylation in X chromosome 

inactivation (XCI). Female somatic tissues have a mixture of paternal or maternal X 

expression because the same X chromosome is not always repressed, therefore the 

active (Xa) and inactive (Xi) cannot be distinguished with heterozygous single nucleotide 

polymorphisms alone. Examining methylation state at CGIs, we clustered reads on the 

CHM13 X chromosome as hyper or hypomethylated (18). In order to explore whether or 

not the clusters represent the Xa and Xi, we first focused on genes known to be subject to 

XCI (XCI genes) or known to escape inactivation (escape genes) and compared our results 

to a clonal female lymphoblast cell line (GM12878) where the Xi is always the paternal 

allele (fig. S23A and B) (48). There we found the Xa to have hypomethylated promoters and 

hypermethylated gene bodies compared to the Xi (49). However, in CHM13 we discovered 

not all genes (e.g. TAF9B, PRKX) were properly regulated, with TAF9B escaping XCI and 

PRKX being subject to XCI, contrary to expectation. This is likely due to failure of X 

chromosome inactivation in androgenetic CHMs (fig. S23C and D and table S8) (50).

Moving this analysis into repetitive regions, we analyzed DXZ4, a satellite that acts 

as a major epigenetic regulator of XCI (51). This 165kb macrosatellite repeat contains 

3kb monomeric units, each with a bidirectional CGI promoter and a CTCF site that is 

hypomethylated on the Xi and hypermethylated on the Xa in healthy cells (52, 53). Single-

read clustering revealed two distinct clusters of reads, one with higher methylation across 

the repeat, and the other with lower methylation across the repeat (Fig. 3F). This analysis 

revealed a surprising level of heterogeneity in methylation of monomers within the array. 

We hypothesize this variation is a result of the aberrant XCI state of CHM13, as intra-array 

variation was not observed in the Xa at DXZ4 in HG002 (fig. S24). Observing epigenetic 

differences between monomers of satellite repeats could grant insights into human disease, 

granting detailed mechanistic understanding of satellite dysregulation. From this analysis, 

we demonstrate that we can cluster reads using methylation alone to identify heterogeneous 

populations and intra-array epigenetic variation even in the absence of heterozygous genetic 

variants.

Methylation Maps of Human Centromeres Reveal Complex Epigenetic Patterns

Human centromeres are composed of alpha satellite DNA, with an AT-rich ~171bp repeat 

unit (or ‘monomer’). The largest arrays of alpha satellites in the human genome are 

further organized in chromosome specific, higher-order repeats (HORs), or larger, multi-

monomeric repeat units (54). Centromeres can contain multiple distinct alpha satellite HOR 

arrays which can be classified into active and inactive HORs (55, 56). The HORs within 

active arrays have specialized epigenetic regulation that are important in establishing and 

maintaining centromere identity (56, 57). Centromere protein A (CENP-A), is an H3-variant 
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enriched in centromeric nucleosomes and marks sites of kinetochore assembly (58). In HOR 

arrays notable hypomethylation co-localizing with CENP-A enrichment at chromosomes X 

and 8 have been described (13, 14). We extended this finding to all CHM13 centromeres––

terming this hypomethylation the centromeric dip region (CDR) (Fig. 4A and table S9). 

We found that CDRs were present only in active HORs (fig. S25) and that active HORs 

were larger in size and had higher mean methylation frequency than inactive HORs, as 

exemplified by the chromosome 5 centromere (Fig. 4B). These results underscore the 

importance of methylation in proper centromere regulation and kinetochore assembly.

To investigate if CDRs were confined only to early developmental samples, we examined 

HG002 nanopore sequencing data to probe centromere methylation in an adult differentiated 

cell line. However, the high level of HOR array variability, and the resulting inability to 

confidently phase and map reads from diploid chromosomes prevented us from using the 

T2T-CHM13 HOR reference for HG002 reads, as evidenced by the anomalous coverage 

we observe for HG002 alignments in the HOR arrays (fig. S26) (59). Instead, we took 

advantage of the haploid nature of the HG002 X chromosome and used a HG002 specific 

X centromere reference (4, 56). Here, in this data, we clearly observe a CDR (Fig. 4C). 

Furthermore, using nanoNOMe, the CDR was coordinated in this sample with a highly 

inaccessible region. When we examined the size of the inaccessible regions in the HOR 

versus the surrounding pericentromeric and centromeric transition (CT) regions, we found 

the HORs were enriched in dinucleosomes compared to these other regions (fig. S27). 

Finally, looking at CUT&RUN CENP-A and Centromere protein B (CENP-B) data, we 

observe a significant peak of CENP-A and CENP-B binding at the CDR. This is coordinated 

with a marked hypomethylation of the CENP-B motif within CDRs as opposed to outside 

the CDRs (fig. S28); methylation is known to reduce CENP-B binding (60). Taken together, 

this highlights the potential functional importance of the CDR for kinetochore formation.

Taking this a step further, using Human Pangenome Reference Consortium (HPRC) data, 

we leveraged the assembled X chromosomes of four additional diverse male samples 

representing individuals included in the 1000 Genomes Project (Fig. 4D) (56, 61). All arrays 

showed a distinct CDR in the X chromosome, with positional variability in the CDR location 

across individuals. Furthermore, CDR position was shared between individuals with more 

closely related centromere-spanning haplotypes (cenhap) assignments.

Cenhaps are long haplotypes which include centromere arrays due to reduced recombination 

in CenSat regions (56, 62). Three of the samples, CHM13 (European), HG002 (European) 

and HG01109 (Puerto Rican) are within cenhap group 2, and all contain a centrally 

positioned CDR within an evolutionarily “younger” region of the HOR, as defined in 

(56). Two of the samples, HG01243 (Puerto Rican) and HG03492 (Pakistani) are within 

cenhap groups 3 and 1, which are shown to be phylogenetically related, (ie. sharing a 

clade with cenhaps 1-4) (56), and have a CDR positioned more towards the q-arm side 

of the centromere within the evolutionarily younger region of the HOR array. Finally, one 

of the samples, HG03098 (African), from the more distantly related cenhap group 9, has 

a CDR positioned towards the p-arm of the centromere, and notably in an older (more 

diverged) region of the HOR array (supporting the previous observation of an epiallele in 

the region using available short-read datasets) (56). Thus, we demonstrate the use of CDRs 
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to identify epigenetic variability within human centromeres, variations which may influence 

the centromere function during cell division. These variations show the critical importance 

of epigenetic profiling in the centromere, finding variation between individuals in a discrete, 

epigenetically defined region of the centromere.

DISCUSSION

This work provides a comprehensive view of epigenetic organization of a complete human 

genome, uncovering complex epigenetic patterns in the previously unresolved 8% of the 

human genome. Functional annotation of these intractable regions has not been overlooked 

due to their lack of importance, but rather due to technological limitations. Our study opens 

these regions to explore their epigenome, leaving no region of the genome unreachable. 

Here, with the combination of a complete genome assembly and the technological advances 

in epigenetic profiling presented herein, we make drastic strides in functional genome 

assessment, expanding ENCODE (1) to include 3-19% more peak calls and increasing the 

number of CpG methylation calls by 10%. Long-read epigenetic methods—here focusing on 

nanopore methylation and chromatin accessibility—can resolve single molecule epigenetic 

patterns within these regions, providing a foundational assessment of these areas. Long-read 

methylomes of distinctive developmental time points surveyed more than 99% of CpGs, 

establishing the CHM13 and HG002 methylomes as the most complete human methylomes 

to date (3). With these datasets, we profiled the additional 225Mbp of sequence and 2,680 

gene annotations.

Of the previously unresolved genes, we found 57 with evidence of active promoters, 

including H3K4me3 or H3K27ac marks, in more than one cell type. We found 82 genes 

with a single cell type supporting active promoters, providing evidence that these previously 

unresolved gene annotations are functionally active across tissues; with more data from 

different tissue types we may identify even more functional genes. More generally we 

found that evolutionarily older gene paralogs were epigenetically repressed—similar to 

the epigenetic silencing of transposons—conferring genome stability and thus influencing 

genome evolution (63, 64).

Examining satellite DNA, we integrated short and long-read datasets to interrogate complete 

satellite arrays, revealing that these regions vary in epigenetic and transcriptional activity 

despite high sequence identity, highlighting the importance of the local chromosome 

environment as a modulator of epigenetics. Repetitive DNA on the acrocentric short arms is 

known to play a role in nucleolar formation, however the previous absence of these regions 

from the human reference has hampered research (65). Our findings suggest that rather 

than acting in unison, the repeat families on these individual acrocentric chromosomes all 

have their own epigenetic identity, likely contributing to unique functional roles in genome 

integrity and organization.

One of the features of our single-molecule epigenetic data is our ability to investigate single-

molecule patterns of epigenetics. We use methylation alone to cluster reads in repetitive 

areas devoid of heterozygous polymorphisms; this includes the DXZ4 array where the 

methylation signature is critical to X chromosome inactivation (66, 67). With the increase 
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in resolution, our results show methylation variability between the clustered populations and 

intra-array epigenetic variation within adjacent monomers in the same array. As satellite 

arrays are known to be hypervariable in the human population and linked to several human 

diseases, these results highlight the importance of long-read single molecule epigenetic 

studies for understanding disease pathology.

Finally, the T2T-CHM13 genome assembly has opened exploration of the human 

centromere, enabling us to probe the epigenetic elements that define centromeric chromatin. 

We extended our original discovery of the CDR in chromosome 8 and chromosome X 

to all chromosomes, and found that CDRs denote the position of centromere associated 

proteins (CENP-A and CENP-B, in the HG002 genome) in differentiated cells (HG002, 

a lymphoblast). This provides evidence of CDRs outside of early developmental CHMs 

and emphasizes their importance in kinetochore positioning and epigenetic regulation 

of chromosome segregation. Expanding our CDR analysis to male X chromosomes 

representing diverse haplotypes, we uncovered variability in the localization of the CDR 

within the X HOR array. Such variability in active centromeric arrays has been explored 

through the presence of epi-alleles (68); however, we have been able to demonstrate the 

use of CDRs to precisely predict kinetochore site localization within an active array and 

report across individuals representing diverse ancestry. When combined with findings in 

other organisms, e.g. maize (69) and medaka (70), this suggests the CDR is a conserved, 

functionally important feature of complex centromeres across vertebrate and plant lineages. 

Proper kinetochore formation is an essential process for eukaryotic cell division, a process 

that occurs in humans 330 billion times per day to sustain life. Our results lead to two major 

conclusions about the CDR: 1) CDR location on a given array is fixed in early development 

and maintained upon differentiation and 2) there is a single stable CDR in each centromere. 

Our initial profile provides a multitude of avenues for future research, including how CDR 

position influences meiotic and mitotic stability, disease, and aneuploidy.

Our results act as a foundational study, expanding studies of the genome through the 

use of the complete reference. There remain significant challenges to further exploring 

the epigenome in a larger and more diverse sample set to achieve optimal sequence 

alignment, especially amongst structurally variable repetitive regions, e.g. HORs. Efforts 

by the HPRC (71) to generate fully phased diploid genome assemblies will enable 

population-scale exploration of these areas. Limitations of short-read sequencing in unique 

regions can be supplemented by developing long-read epigenetic methods currently under 

rapid development (16, 17). We are on the precipice of exploration into duplicated and 

repetitive portions of the genome; further development of long-read epigenetic profiling 

across different populations and disease states will reveal more about regulation within the 

genome’s most elusive regions.

METHODS SUMMARY

Methylation processing:

Nanopore reads were obtained from (13, 14, 72). Ultra-long nanopore reads were aligned 

to the CHM13 reference (4) with Winnowmap-v2.0 (73) with a k-mer size of 15. BAM 

files were filtered for primary alignments with SAMtools (v1.9), analysis of centromeric 
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regions was done on reads >50kb. To measure CpG methylation in nanopore data we used 

Nanopolish (v0.13.2) with an LLR cutoff of −1.5/1.5 (34). HG002 bisulfite FASTQs were 

collected from an ONT open data repository https://labs.epi2me.io/gm24385-5mc. Paired-

end FASTQs were aligned with Bismark (v0.22.2) (74). For Nanopolish to Megalodon 

comparisons, Megalodon was run with the r9.4.1_450bps 5mC model with thresholding set 

as default.

NanoNOMe:

HG002 cells grown in culture and treated according to methods outlined in (16). Purified 

gDNA was prepared for nanopore sequencing following the protocol in the genomic 

sequencing by ligation kit LSK-SQK109 (ONT). To measure CpG and GpC methylation in 

nanopore data we used Nanopolish (v0.13.2) on the nanonome branch https://github.com/jts/

nanopolish/tree/nanonome (34). We set an LLR threshold of −1/1 for GpC methylation calls 

and −1.5/1.5 for CpG methylation calls.

Methylation clustering:

Methylation clustering was performed across the CHM13 X chromosome on all CpG 

islands (CGI) that overlap an annotated promoter of a protein-coding gene. Within the 

CGI, reads with an average methylation > .2 were considered methylated and reads with an 

average methylation < .2 were considered unmethylated. Reads were only considered if they 

spanned the entirety of the CG islands and were longer than 5kb. Clustered reads were then 

intersected with known escape and XCI genes from (51). The same clustering procedure was 

performed at the DXZ4 locus.

CUT&RUN:

CUT&RUN was performed as detailed in (75) with some variations. For library preparation, 

NEBNext Ultra II End repair/A-tailing and Ligation kits were used as indicated by the 

manufacturer, with 1.5 pg of Spike-in Yeast DNA added (obtained from the Henikoff 

lab). Marker-assisted mapping of CUT&RUN data (CHM13 CENP-A, CHM13 H3K4me2, 

CHM13 H3K27me3, HG002 CENP-A, HG002 CENP-B) to a sample specific reference 

(CHM13 to T2T-CHM13 or HG002 to CHM13 autosomes (chromosomes 1-22), HG002 

T2T chromosome X and GRCh38 chromosome Y) was performed according to the methods 

outlined in (56).

ENCODE Dynamic k-mer assisted mapping:

We selected several ChIP-seq datasets generated as part of the ENCODE project (1) 

choosing datasets with at least 100bp paired-end sequencing data and at least one 

matching input control. These criteria yielded 96 total sequencing libraries (table S9). 

Reads were mapped with Bowtie2 (v2.4.1) (76), alignments were filtered using SAMtools 

(v1.10) (77) and PCR duplicates were identified and removed with Picard tools (v2.22.1, 

http://broadinstitute.github.io/picard). Alignments were then filtered for unique k-mers. 

Specifically, for each alignment, reference sequences aligned with template ends were 

compared to a database of k-mers unique in the whole genome. For each end of the paired-

end sequencing reads, the k-mer length was determined by finding the largest multiple of 
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5 less than or equal to the aligned reference sequence length. Peak calls were made using 

MACS2 (v2.2.7.1) (78) with default parameters and estimated genome sizes 3.03x109 and 

2.79x109 for chm13v1 and GRCh38p13, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Epigenetics in previously unresolved genome regions.
A) (Top) Bar plots of the number of peaks called per ENCODE sample using dynamic 

k-mer mapping to GRCh38 (blue) or T2T-CHM13 (salmon). (Bottom) Pie charts indicating 

the genomic localization of peaks found only in T2T-CHM13. B) Number of T2T-CHM13 

unique ENCODE peaks across chromosomes 5, 6, 15, 16, 17, and 19 in 50kb bins (purple). 

Chromosome ideograms show the density of previously unannotated genes (red) with the 

centromere annotated as dark gray. Orange triangles denote regions of interest with a 

high density of previously uncalled peaks. C) ENCODE ChIP-seq read coverage at the 

HLA-C gene locus on chromosome 6. D) Number of CpGs with methylation profiled 

comparing sequencing method and reference assembly. E) Correlation of HG002 WGBS 

and Nanopolish methylation calls aligned to T2T-CHM13.
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Figure 2. Paralog specific epigenetic regulation of the NBPF gene family.
A) Location of T2T-CHM13 previously uncalled ENCODE peaks across chromosome 

1 in 50kb bins (purple). Chromosome ideograms contain the density of previously 

unannotated genes (red) and centromere annotations (dark gray). NBPF paralogs are 

indicated by black arrows (top) B) Heatmap illustrating number of peaks for H3K36me3 

(orange) and H3K27me3 (purple) per NBPF paralog in ENCODE cell line BE2C 

(neuroblastoma) and brain tissue (Primary Brain Microvascular Tissue). Arrows indicate 

NBPF10 and NBPF26. C) Epigenetic data at the NBPF10 promoter and first intron 

(chr1:145,300,425-145,348,763). Short-read mappability score from 0-200 calculated as 

a 200bp region with a score of 200 being the most mappable and 0 being the least 

mappable. Coverage tracks (Illumina WGBS and ONT) and CUT&RUN tracks display 

read pileups. Long read methylation tracks show base-level methylation frequency with 0 as 

unmethylated and 1 as fully methylated. The long read HG002 accessibility track is a 200bp 

binned Z-score of nanoNOMe GpC methylation frequency. Dashed boxes highlight the 

promoter region which is largely unmappable with short-reads. D) (Top) Younger NBPF12 

gene paralog displaying CHM13 and HG002 nanopore methylation, CHM13 H3K4me2 

and H3K27me3 CUT&RUN coverage, and HG002 nanoNOMe. (Bottom) Older NBPF17P 

gene paralog displaying CHM13 and HG003 nanopore methylation, CHM13 H3K4me2 
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and H3K27me3 CUT&RUN, and HG002 nanoNOMe. Numbers in parenthesis refer to the 

number of PacBio Iso-seq transcripts mapped to this paralog.
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Figure 3. Context specific epigenetics in high identity tandem repeats.
A) Nanopore methylation frequency of satellite repeat classes in CHM13 and HG002. 

B) HG002 NanoNOMe statistically significant peak calls(18) per 1Mb of sequence in 

all major repeat classes compared to the whole genome (Top) and within different 

satellite repeats (Bottom). C) Nanopore CpG Methylation profiles, HG002 NanoNOMe 

accessibility peaks and Z-score (negative is inaccessible, positive is accessible), and 

non-kmer filtered (multimapping) PRO-Seq coverage at the ACRO_Composite repeat 

(chr14:121,193-162,142). Annotation tracks below are the RepeatMasker V2 annotation 

from (44), monomeric annotations of the ACRO_Composites and a GC density track. D) 
Ideogram showing the arrayed locations of the ACRO_Composite across the acrocentric 

chromosomes (purple) within the acrocentric short arms (gray shaded). Listed above 

each chromosome is the nanoNOMe ACRO_composite peak density in peaks/100kb. E) 
Nanopore CpG Methylation profiles and HG002 NanoNOMe accessibility Z-score of the 
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HSat2 repeat (chr16:49,163,529-49,239,753). Annotation bars below represent CpG density 

and HSat2 repeat units on the bottom. F) The DXZ4 locus on CHM13 clustered into two 

haplotypes (low CGI methylation and high CGI methylation), based solely on promoter 

methylation state. (Left) Methylation frequency plot of each haplotype. (Right) Single reads 

from the gray highlighted region on the left with boxes highlighting CGI cluster group 

level epigenetic variability and intra-array level epigenetic variable between neighboring 

monomeric units.
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Figure 4: Epigenetic maps within human centromeres.
A) Smoothed methylation frequency in 10kb bins of the active HOR array for all CHM13 

chromosomes. CENP-A enrichment from CUT&RUN data shown as a heatmap under each 

plot. Chromosomes 3 and 4 have a HSat1 repeat (blue highlight) that breaks up the live 

HOR array. B) (Left) CHM13 methylation in the centromeric region of chromosome 5. 

Smoothed methylation frequency is plotted in 10 kb bins. HOR arrays are annotated as 

blue (“active”) and pink (“inactive”). (Right) Scatter plot of average methylation within 

each HOR array versus size in Mbp. C) Methylation, nanoNOMe accessibility, CENP-A 

and CENP-B CUT&RUN data across the chromosome X centromeric array on HG002. 

Smoothed methylation and accessibility are plotted in 15kb bins, CUT&RUN is plotted as 

raw read counts with input shaded gray. Bottom bar annotates satellite regions indicating the 

location of the HOR, MON, GSat, HSat4 and CT regions. D) Methylation in the active HOR 

array across diverse individuals. Coriell cell line sample ID and cenhap group annotated 

to left. HORs are annotated as red (younger) and gray (older) computed on the basis of 

sequence divergence.
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Table 1.
Peaks called using ENCODE datasets.

Summary of ENCODE peak analysis showing the mark profiled, summed peak calls per mark across all 

datasets, the number of datasets, and the difference in peak number between references.

Mark Peaks called
in GRCh38

Peaks called
in CHM13

Difference in
no. of peaks

Increase
in peaks

No. of
datasets

H3K9me3 194,681 241,497 46,816 19.40% 6

H3K27me3 249,945 294,819 44,874 15.20% 6

H3K36me3 373,933 393,224 19,291 4.90% 7

CTCF 327,713 342,284 14,571 4.30% 6

H3K4me1 396,332 412,907 16,575 4.00% 4

H3K27ac 611,645 632,837 21,192 3.30% 11

H3K4me3 88,985 91,724 2739 3.00% 4
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