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ABSTRACT

The completion of the first telomere-to-telomere human genome, T2T-CHM13, enables exploration of 
the full epigenome, removing limitations previously imposed by the missing reference sequence. Exist-
ing epigenetic studies omit unassembled and unmappable genomic regions (e.g. centromeres, pericen-
tromeres, acrocentric chromosome arms, subtelomeres, segmental duplications, tandem repeats). Le-
veraging the new assembly, we were able to measure enrichment of epigenetic marks with short reads 
using k-mer assisted mapping methods. This granted array-level enrichment information to character-
ize the epigenetic regulation of these satellite repeats. Using nanopore sequencing data, we generated 
base level maps of the most complete human methylome ever produced. We examined methylation 
patterns in satellite DNA and revealed organized patterns of methylation along individual molecules. 
When exploring the centromeric epigenome, we discovered a distinctive dip in centromere methylation 
consistent with active sites of kinetochore assembly. Through long-read chromatin accessibility mea-
surements (nanoNOMe) paired to CUT&RUN data, we found the hypomethylated region was extremely 
inaccessible and paired to CENP-A/B binding. With long-reads we interrogated allele-specific, long-
range epigenetic patterns in complex macro-satellite arrays such as those involved in X chromosome 
inactivation. Using the single molecule measurements we can clustered reads based on methylation 
status alone distinguishing epigenetically heterogeneous and homogeneous areas. The analysis pro-
vides a framework to investigate the most elusive regions of the human genome, applying both long and 
short-read technology to grant new insights into epigenetic regulation. 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2021. ; https://doi.org/10.1101/2021.05.26.443420doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.26.443420
http://creativecommons.org/licenses/by/4.0/


INTRODUCTION

The completion of the original human genome reference in 2001(1, 2), has enabled efforts to understand 
not only coding sequence, but how the rest of the genome acts to regulate gene expression through the 
epigenome. But the epigenome can only be as comprehensive as the reference it is built on, improv-
ing the reference by generating a complete assembly of a human genome (T2T-CHM13)(3) provides a 
unique opportunity to explore the final frontier -- the repetitive areas of the genome.

The vast majority of new sequences in T2T-CHM13 are in the pericentromeric, centromeric, and ac-
rocentric regions (+180.5 Mb) and segmental duplications (+44.2 Mb) which include ampliconic gene 
families (macro-satellites) in the chromosome arms(3). The pericentromeric satellites are made up of 
human satellites 1-6 (HSat1-6), the beta-satellites (BSat), and the gamma-satellites (GSat). Along with 
the sub-telomeric satellites, these regions comprise the constitutive heterochromatin domain, playing 
a critical role in protecting genome integrity(4). Epigenetic regulation of the genome controls gene ex-
pression but also confers genome stability through regulation of heterochromatin(5–7). The H3K9me3 
histone variant, a mark associated with repressive heterochromatin, is especially prominent in con-
stitutive heterochromatin, contributing to the dense organization and low transcription levels of this 
region(8). 

The centromere itself is composed of higher order repeats (HORs), tandem arrays of larger repeat units 
consisting of multiple basic repeat units. These have a unique epigenetic state, with CENP-A replacing 
H3 in the nucleosome in centromeric chromatin; epigenetic regulation is thought to play a key role in 
centromere identity and kinetochore formation(9). Localization of CENP-A is not dependent on the 
underlying DNA sequence, illustrated by the fact that centromeres have been shown to move to new 
locations along the chromosome, thus encountering new DNA sequences (neo-centomere formation) 
(10). Investigation of histone modifications and variants in repetitive DNA has been precluded by the 
combination of incomplete human reference assemblies and the reliance on the reduced mappability 
of short-read sequence data. 

Histone modifications often act in tandem with covalent DNA base modifications such as 5-methylcy-
tosine (5mC) at CpG dinucleotides, especially in heterochromatin (11). Generation of a high resolution 
CpG methylation map of satellite regions has been prevented by the combination of incomplete human 
reference assemblies and the reliance on the reduced mappability of whole-genome bisulfite sequenc-
ing (WGBS). Inside these repetitive areas it is especially challenging to examine epigenetic heterogene-
ity, both along the chromosome and between molecules.  Allele-specific methylation(12) and epigenetic 
variation(13) can play an important role in gene regulation and transcriptional plasticity, but is hard to 
study in repetitive areas including regions like DXZ4, a macrosatellite repeat and epigenetic regulator 
of X chromosome inactivation. In order to probe these questions, precise alignments, anchored to het-
erozygous genomic elements for allele-specific identification, are typically needed.

Using the T2T-CHM13 complete genome, we have started to explore the epigenome of the newly com-
plete regions. Through the use of k-mer assisted mapping (14), we used existing short-read data to ex-
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plore repeat array-level epigenetic profiles. This high level information provides insight across different 
cell lines leveraging data from ENCODE(15). To look within the repetitive areas, we applied long-read 
epigenetic profiling with nanopore sequencing. Unlike sequencing-by-synthesis strategies, nanopore 
sequencing directly probes the DNA, allowing for simultaneous measurement of the base sequence 
and epigenetic state (16), with long reads providing deeper insights into the epigenetic patterns on 
individual molecules. With the combination of the T2T-CHM13 assembly and paired ultra-long-read 
CpG methylation data from the same CHM13 cell line, we generated the most complete human meth-
ylome to date. High resolution methylation maps of centromeric satellites and macro-satellites in the 
chromosome arms revealed novel mechanistic and epigenetic signatures of these regions, including the 
epigenetic nature of the human centromere, further validated by simultaneously assessing the com-
plete methylome and chromatin state of the X chromosome centromere in a terminally differentiated, 
diploid lymphoblastoid cell line (HG002, Coriell GM24385) with ultra-long-read nanoNOMe (17). The 
single-read nature of nanopore sequencing allowed for further insights into the epigenetic cell-to-cell 
heterogeneity and methylation-based haplotype phasing within nearly homozygous, variant devoid ge-
nomic regions. With the combination of massive improvements to complete genome assemblies and 
the mappability of ultra-long nanopore reads, we show here that investigation of epigenetic regulation 
in the largely overlooked satellite arrays is both technologically possible and reveals novel mechanistic 
and regulatory events.

RESULTS

Expanding ENCODE Epigenetic Data with Dynamic k-mer Assisted Mapping 

The T2T-CHM13 assembly resolves gaps and corrects misassembled or patched regions in GRCh38, 
leading to nearly 200 Mb of previously unprobed sequence content(3). We first examined if we could 
use existing short-read epigenetic data to gain new insights into the improved T2T-CHM13 assem-
bly. Repetitive DNA regions of particular interest are 1) pericentromeric repeats including the human 
satellites (HSat1-4), beta-satellites (BSat) and gamma-satellites (GSat) 2) the alpha-satellites which 
can exist as the kinetochore associated higher order repeat (HOR), a divergent higher order repeat 
(DHOR) or monomeric sequences (MON) 3) the telomere associated repeats (TAR). These repetitive 
genomic regions pose issues for short-read alignments. To accurately map short-read epigenetic data 
to repeat-rich sequences in T2T-CHM13, we developed a dynamic k-mer assisted mapping strategy, 
where k is dependent on the length of the aligned read (Fig 1a, Fig S1, Methods). Our dynamic k-mer 
assisted mapping strategy differs from previously devised mapping strategies (14), in that we account 
for insertions and deletions (indels) in the reads and change the k-mer size according to the total length 
of the reference sequence spanned by the read. This is especially important when aligning to cell lines 
derived from different individuals with expected genetic diversity. As a result, we retain more than 70% 
of total reads (Fig S2b) and can extend k-mer filtered mapping strategies beyond samples where the 
reads and reference are generated from the same genome (e.g. CHM13).   

We applied dynamic k-mer assisted mapping to ChIP-seq datasets generated as part of the ENCODE 
project (18). Across six different histone marks and CTCF, an important regulator of chromatin archi-
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tecture, on average 2.35% more reads mapped to T2T-CHM13 than GRCh38 (Fig S2, Table S1, Sup-
plemental Data 1). Reads filtered by unique k-mer intersection from GRCh38 were enriched by as 
much as 35% and averaging 6.5% in satellite regions, LINEs and SINEs, segmental duplications, and in 
general across the genome (Fig S3). All centromeric, pericentromeric, and subtelomeric repeats were 
enriched in H3K9me3, with only the subtelomeric Telomere Associated Repeat (TAR) enriched for ac-
tivating histone marks (Fig 1b, Fig S4). Examining the H3K9me3 enrichment of the centromeric and 
pericentromeric satellites, the alpha satellite HOR, HSat2, and HSat3 were more enriched than HSat1 
(Fig 1b). Interrogating pericentromeric boundaries, here defined as the position of the last annotated 
satellite repeat flanked by unique sequence, we observed these boundaries were sharply demarcated by 
a transition from constitutive heterochromatin as measured by H3K9me3. This is consistent with the 
heterochromatin domain boundaries observed in yeast and drosophila (19–21), and indicates the lack 
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Figure 1. a) Schematic of dynamic k-mer assisted mapping pipeline. b) Log2 enrichment of H3K9me3 ChIP-
seq in satellite repeats normalized to input control. Each point represents an ENCODE cell line. c) Log2 fold 
enrichment of H3K9me3 at the centromeric edges. Negative x-coordinates are within the satellite array and 
positive x-coordinates are the number of base pairs past the end of the last centromeric satellite array. d) Log2 
enrichment of H3K9me3 ChIP-seq normalized to input control for each satellite repeat. Each dot represents a 
satellite repeat class: HSat1, HSat2, HSat3, HSat4, GSat, HOR, DHOR, BSat, MON, TAR and CT.  e) UCSC ge-
nome browser tracks of H3K9me3 coverage versus input control (no antibody) for HAP-1 (highest enrichment) 
and SJCRH30 (lowest enrichment).  f) Log2 fold enrichment of different epigenetic marks in the telomeric TAR 
repeats (within 2 kb of chromosome end) versus the non-telomeric TAR repeats.
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of a gradual transition from heterochromatin to euchromatin (Fig 1c). 

Next, we used this method to clearly distinguish samples that have heterochromatin dysfunction, which 
is known to have biological consequences (4). While all six cell lines have an enrichment of H3K9me3 
in satellite DNA, SJCRH30, a rhabdomyosarcoma derived cell line, has overall lower H3K9me3 en-
richment in all satellite repeats, potentially indicating satellite epigenetic dysregulation as a clinically 
relevant pathology in rhabdomyosarcoma (Fig 1d). 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 deplet-
ed in comparison to HAP-1 (Fig 1e) 

In contrast to the heterochromatic H3K9me3, we found increased alignments in activating marks; 
H3K4me3 (2.47%), a distinctive mark of active or poised promoters (22), H3K27ac (2.33%), an active 
enhancer mark (23), and CTCF (2.51%), a chromatin binding factor (24). Many of these marks fall with-
in the TAR sequence, located 2 kb upstream from the canonical telomeric repeat on all T2T-CHM13 
chromosome arms except 8q, 13p, 14p, 16p, 17p, 21p, 22p, and Xp. A CTCF site in the TAR loci drives 
transcription of the TERRA lncRNA (25); a negative regulator of telomerase-mediated telomere elon-
gation. We observed enrichment of CTCF in all ENCODE cell lines at the TAR loci (Fig S4). 

Additionally, the subtelomeric regions are rich in segmental duplications resulting in the TAR sequence 
being dispersed throughout the genome (26). When comparing telomeric TAR sequences to non-telo-
meric TAR sequences we do not observe statistically significant differences (Kruskal-Wallis, p-val-
ue=0.12) in sequence divergence (Fig S5). 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 (Fig 1f). Previous studies 
have focused on the roles and regulation of TAR in the subtelomere (27–29), however our results in-
dicate biological functionality of TAR sequences outside the subtelomere as well. Overall, using only 
publically available short-read data with the new T2T-CHM13 reference and dynamic k-mer assisted 
mapping, we uncovered novel regulatory features in centromeric, pericentromeric, and subtelomeric 
repeats and display the usage of this technique for investigating disease related epigenetic dysregula-
tion.  

DNA Methylation Measurement in Satellite Repeats with Nanopore Sequencing

Short reads can provide large-scale enrichment profiles of chromatin modifications and DNA binding 
proteins, but it is especially difficult to probe DNA methylation in repetitive sequences due to mapping 
biases after bisulfite treatment (Fig S6) (30). But a significant portion of the CpGs in the genome are 
in these difficult to probe highly repetitive regions and their epigenetic dysregulation can result in can-
cer, irregular transcription of regulatory RNAs, and improper chromosome segregation (31–33). In the 
T2T-CHM13 assembly, we identified 32.3 million CpG sites, a 9.04% increase from the 29.2 million 
identified in GRCh38 (omitting chromosome Y) (Fig 2a, Table S2). Overall, in T2T-CHM13, we de-
tected an additional 1.65 million CpG sites in satellite DNA, increasing the percentage of CpGs in satel-
lite DNA from 3.6% in GRCh38 to 8.3% in T2T-CHM13 (Fig 2a, Table S2). Some of the regions have 
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fewer CpGs in CHM13 than in GRCh38 (Fig S7). We attribute this to the patchwork nature of GRCh38 
being composed of multiple individuals (34). 

We used long-read nanopore data with nanopolish to characterize methylation in the satellite re-
peats(16). Using reads longer than 50 kb greatly improved our ability to map to centromeric and peri-
centromeric regions, evidenced by declining coverage biases as read length increases (Fig S8a-b). But 
nanopore sequencing has different challenges than WGBS; both general basecalling quality and the 
quality of methylation calls can be influenced by low-complexity regions which may decrease the sig-
nal-to-noise ratio as 6-mers with small shifts in current pass through the pore(35, 36). For nanopore 
methylation analysis, we used quality cutoffs (Methods) to identify a set of high quality methylation 
calls (71.72% of all methylation calls), where one CpG on one read represents a single call (Fig S8c). We 
observed only a slight decrease in the proportion of high quality calls in the human satellite repeats ver-
sus the rest of the genome (Fig S9a-b, Table S3). The lowest quality calls were in HSat3 and HSat4, 
where the percentage of high-quality calls were 62.47% and 65.51%, respectively, compared to the whole 
genome of 71.72%. Because of the decreased 6-mer diversity in HSat repeats, we were concerned that 
HSats were enriched for 6-mers with small current shifts from methylation, precluding high quality 
calls. To inspect this, we extracted 6-mers from each HSat repeat array and quantified the average cur-
rent shift in the nanopore raw data due to methylation. The only notable difference was a larger meth-
ylation-induced current shift associated with k-mers from HSat2 (Fig S9c), suggesting the repetitive 
sequence does not generate any specific challenges to methylation calling. Furthermore, we observe low 
correlation (R=.36) between the mean current shift and the percentage of high quality calls per satellite 
repeat class (Fig S9d). However, there appeared to be a slightly stronger relationship (R=.42) between 
satellite class read coverage and percent high quality calls (Fig S9d), suggesting mappability plays a 
larger role in classification of methylation signal in satellites than delineation of current signal. Finally, 
we investigated strand bias in methylation calls and noted higher negative strand coverage in HSat4 
and HSat5 and higher positive strand coverage in HSat2, but these slight differences in strand specific 
mappings did not influence methylation frequency results (Fig S9e-f). From this analysis, we can be 
confident that our methylation calls from nanopore sequencing are accurate in satellite regions.

Long Reads Generate Complete Methylation Maps of Human Chromosomes

The CHM13 cell line is derived from a complete hydatidiform mole, a zygote that develops with two 
copies of paternal chromosomes and loss of maternal chromosomes. This uniparental disomy should 
result in exclusively paternal imprinting coupled to global genome demethylation (37, 38). Comparing 
CHM13’s methylation state to existing DNA reduced representation bisulfite sequencing data on early 
human embryos (Fig S10, Table S4) (39) we observed that CHM13 clusters closely with cleavage and 
blastocyst-stage embryos as well as trophectoderm tissue. 

To compare the epigenome of the early developmental stage CHM13 cell line to a terminally-differen-
tiated adult cell line, we performed nanopore sequencing of nucleosome occupancy and methylome 
(nanoNOMe) on HG002, a male lymphoblast line. Of the 32.3 million CpG sites in the CHM13 refer-
ence assembly, 99.37% of CpG sites in CHM13 reads and 98.54% of CpG sites in HG002 reads con-
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Figure 2. a) Percentage of CpG sites contained within different genomic regions (Methods) b) Methylation 
frequency distribution for CHM13 and HG002 non-centromeric regions. c) Per-base methylation frequency 
distributions within CHM13 satellite repeats. CpG site density for corresponding repeat regions shown in Fig 
S13. d) (Left) Vertical chromosome ideogram represents the entirety of chromosome 15 with red represent-
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tained a high-quality methylation call. The difference in the percentage of called sites between the two 
cell lines is a result of the superior mapping of CHM13 to its own genome. The matched sequencing 
reads and reference assembly on CHM13 reduce genomic variants, differences in array structure, and 
repeat copy number variation between the reads and assembly. CHM13 also represents only a single 
haplotype mapping to a haploid representation of the genome, while HG002 is diploid, further compli-
cating alignment to highly variable repetitive DNA (40, 41). 

To set a baseline avoiding any mappability bias, we compared global methylation distribution between 
the non-centromeric regions; as expected, CHM13 (36.8% median methylation) was globally hypometh-
ylated compared to HG002 (75% median methylation) (Fig 2b). HG002 has the typical methylation 
pattern observed in terminally differentiated cells where the majority of the genome is 75% methylated 
with a secondary peak of unmethylated regions largely represented by CpG islands. In contrast, CHM13 
is dramatically hypomethylated as expected from a trophoblastic cell line (39, 42, 43). Looking more 
closely into mapping of nanopore epigenetic data to the satellite regions assembled from T2T-CHM13, 
we identified regions of coverage dropout and pile-up by flagging CpG loci with coverage lower than 
10X and greater than 100X for both HG002 reads and CHM13 reads mapped to the T2T-CHM13 ref-
erence (Fig S11). These regions only accounted for 1.1% of total sites in CHM13 and 4.26% in HG002, 
however, a disproportionate amount occurred within the HSat3 array of chromosome 9, (69.10% in 
CHM13 and 22.93% in HG002). This can be mostly attributed to mapping difficulties; the HSat3 of 
chromosome 9 is part of the curated list of remaining anomalous regions(3). The HOR, HSat1, and 
HSat2 satellite regions had significant increases in coverage biases in HG002 while other multi-mega-
base satellite arrays, such as the HSat3 on chromosome 15, had more regular coverage profiles (Table 
S5, Fig S12). 

Examining a specific region, we interrogated the short arm of chromosome 15; previously unassembled 
in GRCh38 due to its highly repetitive sequence content. The improved T2T-CHM13 assembly and 
satellite DNA annotation revealed more than 25 Mb of sequence, 7.9 Mb of which is a HSat3 nested 
tandem satellite repeat(44)(Fig 2d). Using long reads we characterized methylation patterns within 
the highly repetitive HSat3 tandem repeat at even greater detail. We plotted single-read epigenetic data 
in a 50 kb region at the center of the chromosome 15 HSat3 array (Fig 2e). This allowed us to identify 
repeating methylation patterns consistent with the repeating 1.8 kb HSat3 sequence (Fig 2e; arrows). 
We note that though CHM13 is hypomethylated as compared to HG002, the periodic fluctuation in 
methylation signal is consistent in both cell lines. In the CHM13 data, we observe a 1.8 kb deletion 

ing the acrocentric region plotted. (Right) Methylation frequency panel of the acrocentric region of chromo-
some 15. Smoothed methylation in 10 kb bins (Methods) is plotted for both CHM13 (blue) and HG002 (purple). 
The rDNA region in the T2T-CHM13 assembly is annotated by the grey rectangle, methylation calls were not 
generated in rDNA arrays as these are artificially homogenized model sequences. Blue and purple dots under 
the methylation frequency represent flagged bins with anomalous coverage. Bottom bar shows annotations 
of satellite repeats. e) Single-read methylation analysis of reads greater than 50 kb in the center of the HSat3 
repeat array. Location of region is denoted in d) by the vertical dashed line. Each row represents an individual 
nanopore sequencing read. Red CpG sites are methylated and blue unmethylated. Summary smoothed fre-
quency for the region is shown above the single-read data. Arrows below plots annotate the 1.8 kb repeating 
units of the HSat3. 
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(chr15:10,017,199-10,019,076) present in a fraction of the reads which corresponds to the deletion of a 
single HSat3 repeat unit on one haplotype, highlighting the power of long-read sequencing in providing 
simultaneous information on genetic and epigenetic state. 

Methylation Maps of Alpha-Satellite Repeats Reveal Complex Epigenetic Patterns 

Using the superior mapping we obtain from the CHM13 nanopore data to its own genome, we charac-
terized methylation in centromeres and pericentromeres. We found that in this early developmental 
cell line, all of the satellites showed low methylation levels with the exception of the alpha-satellite 
HOR arrays (Fig 2c). Notably, we identified distinct regions of hypomethylation within the otherwise 
hypermethylated centromeric arrays of all CHM13 centromeres, which we term the Centromeric Dip 
Region (CDR) (Fig 3) (14, 45). The CDR only occurs within “live” HOR arrays (i.e. the functional unit of 
the centromere associated with kinetochore attachment) and not within “dead” HOR arrays, which are 
remnants of the centromeres of human pre-great ape ancestors (44, 46)(Fig 3a, Fig S14). The HOR 
hypermethylation and presence of the CDR in the “live” HOR array is consistent across every CHM13 
centromere (Fig S14), suggesting that it is of functional significance to the proper maintenance and 
activity of the centromere. We observed that although chromosome 3 has multiple live arrays broken 
up by an HSat1 array, it has only one CDR (Fig 3a), suggesting that even between live arrays, the CDR 
demarks a functionally active site. 
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Figure 3. Methylation signatures in HORs are consistent across all CHM13 centromeres a) Pan-
els representing the centromeric regions of chromosomes 3, 5, and 19. Methylation frequency is plotted as 
smoothed methylation in 10 kb bins (Methods). Pink and grey boxes annotate the “live” and “dead” HOR ar-
rays. Chromosome ideogram is colored with satellite repeat annotations. b) Single-read alignments compar-
ing the “live” and “dead” HOR arrays on chromosome 19. Red line is the average methylation frequency of the 
“live” HOR and the blue line is average methylation frequency of the “dead” HOR fitted with a LOESS model. c) 
Single-read alignments within the CDR on chromosome 19. Black line is average methylation frequency fitted 
with a LOESS model.
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Though not all chromosomes contain “dead” HOR arrays, chromosomes 3, 5 and 19 do have prominent 
dead arrays (Fig 3a, Fig S14). The dead HOR arrays have a median methylation of 22.6% as compared 
to the live array median of 60%. From the single-read plots we observe a methylation banding pattern 
on the dead HOR array that is not present in the live array. The banded hypomethylation suggests a 
higher-order epigenetic structure within the dead HOR array within the repeating alpha satellite units 
(Fig 3b). Within the CDR region, we observed a pattern defined by large regions of hypomethylation 
and periodic increases in methylation (Fig 3c). 

Conservation of Alpha-Satellite Epigenetics in Terminally Differentiated Diploid Cell 
Lines 

To investigate if the CDR also appears in terminally differentiated adult cells, we examined the HOR in 
HG002. To alleviate the difficulties involved in alignment to this highly divergent region, we aligned to a 
complete assembly of the HG002 chromosome X centromere(3). With our nanoNOMe data accurately 

Figure 4. HOR hypomethylation is associated with inaccessibility and CENP-A. a) 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 15 kb bins (Methods), CUT&RUN is plotted 
as raw read counts. Bottom bar shows satellite annotations indicating the location of the HOR, GSat, HSat4 
and centromeric transition flanking regions. b) Zoom of a) in the CDR region. Dotted line provided as guide 
to eye at Z-score of -3. c) Average CENP-A CUT&RUN coverage relative to the CDR position on all CHM13 
chromosomes. d) Methylation frequency of the CpG sites within the CENP-B motif inside and outside the CDR 
(p<1e-15) on HG002 chromosome X. e) Density plots of length of inaccessible run lengths within different ge-
nomic regions on HG002 chromosome X. 
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Figure 5. Single molecule Methylation Patterns a) (Left) Methylation frequency in the CDR region 
of HG002 chromosome X. (Right) single-read methylation calls in the region indicated by the dashed black 
line.  b)  (Top) the CDR region of chromosome 19 with the homogenous region highlighted in blue, haplotype 
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aligned to this region, we measured both chromatin accessibility and methylation, using reads greater 
than 20 kb to achieve a sequencing depth of 40X (Fig S15f). In this method, we use M.CviPI methyl-
transferase to decorate accessible chromatin with exogenous GpC methylation (17); using GpC sites we 
can then measure chromatin accessibility along with CpG methylation of the HG002 sequencing reads 
aligned to the HG002 chromosome X centromere assembly. Examining methylation we clearly observe 
a CDR in the HG002 chromosome X HOR region (Fig 4a,b). The CHM13 HOR median methylation 
was similar to the HOR median methylation in HG002 chrX (56% in CHM13 and 65% in HG002 chrX) 
(Table S6-7). Outside the CDR, the HOR is more hypermethylated in HG002 (65% median methyla-
tion) than in CHM13 (30.8% median methylation), consistent with the overall hypomethylation of the 
X chromosome in CHM13. 

To measure the chromatin state relative to the entire chromosome, we calculated GpC methylation 
Z-scores throughout HG002 chromosome X in 15 kb bins for which the bin size was chosen to avoid 
bias in distribution of GpC motifs (Fig S15a-g). Bins with lower Z-scores (negative) are more inacces-
sible and bins with higher Z-scores (positive) more accessible (Fig 4a,b, Fig S15e). Remarkably, the 
most inaccessible region of the entire X chromosome was at 57.49-57.57 Mb, corresponding to the CDR. 
We hypothesized that this region is inaccessible due to blockage of the GpC methyltransferase by the 
kinetochore complex and higher-order structure of CENP-A chromatin (47), a centromere associated 
histone variant that directs the assembly of active kinetochores (48). 

To test our hypothesis that the inaccessibility at the CDR is due to CENP-A chromatin, we analyzed 
CHM13 CENP-A CUT&RUN data as well as HG002 CENP-A and CENP-B CUT&RUN data using mark-
er-assisted-mapping(44). From a metaplot of CDRs across all chromosomes in CHM13, we see a strong 
enrichment of CENP-A at the CDR compared to the IgG control (Fig 4c). In HG002, we see similar en-
richment of CENP-A and CENP-B with prominent peaks in the CDR region (Fig 4a). We also noted a 
marked decrease in coverage from the IgG control across the HOR array as compared to the centromer-
ic transition regions, implying a decline in chromatin accessibility (Fig 4a). Assessing the coordination 
between methylation and CENP-B motifs, we found a significant difference (p<1e-15) in methylation 
between motifs within the CDR (9.5% median methylation) and outside the CDR (75% median methyl-
ation); consistent with in vitro studies showing the preference of CENP-B in binding an unmethylated 
CENP-B box (Fig 4d) (49). Zooming in on the CDR, we identified hypomethylated valleys that overlap 
with the nanoNOMe peaks and CENP-A peaks (Fig 4b), potentially indicating kinetochore attachment 
sites and further validating the relationship between the hypomethylation and centromere protein lo-
calization.  

specific methylation highlighted in red and the location of the structural variant indicated by the dashed line. 
(Bottom left) Panel showing methylation clustering of individual reads at the most hypomethylated region 
of the CDR revealing only a single cluster. (Bottom right) Panel showing methylation clustering of a more 
distal region of the CDR revealing haplotype specific methylation. We found three reads which spanned both 
the distal CDR region (red) and the SV (dotted line); one of these reads was hypermethylated and contained the 
SV, the other two were hypomethylated and did not have the deletion.  c) The DXZ4 locus on CHM13 clustered 
into two haplotypes (presumably Xa and Xi), based solely on promoter methylation within each repeat unit. 
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Another advantage of profiling accessibility with long nanopore reads is that we can compare nucle-
osome density within satellite arrays in the centromeric regions of HG002 chromosome X (Fig 4e). 
By assessing the length of inaccessible (GpC unmethylated) runs, we can find lengths corresponding 
to mono-nucleseosome (130 bp), di-nucleosome (260 bp) and tri-nucleosome (420 bp) peaks. Though 
clearly visible when looking across all of chromosome X, we do not see these inaccessible runs in reads 
from the histone-free mitochondrial genome, indicating efficient chromatin labelling (Fig S16). We 
compared the mono-, di-, and tri-nucleosome content between different centromeric satellite repeats 
in HG002 chromosome X, namely the HSat4, MON, GSat, HOR and for comparison, the CT. (Fig 4e) 
(17). The HOR array has the highest proportion of di- and tri-nucleosomes comparatively, indicating it 
is the most nucleosome dense region of the centromere (Fig 4e). The GSat array has a high proportion 
of mono-nucleosomes when compared to the other centromeric and pericentromeric regions; this more 
euchromatic state is consistent with previous literature (50).

Single Molecule Epigenetics Reveals Haplotype Specific Regulation 

The 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. Using this we were interested in visualizing epigenetic heterogeneity within the CDR re-
gions. We focused on the only haploid centromere we profiled, the HG002 chromosome X CDR, to 
isolate allele-specific effects from cell-to-cell epigenetic heterogeneity. When organizing reads at the 
distal edge of the CDR by their average methylation, we noticed significant heterogeneity at the edges 
of the CDR in HG002, showing cell-to-cell variability in the region boundaries (Fig 5a). This variabil-
ity suggests dynamic regulation of methylation in the CDR similar to what is observed in 5mC border 
encroachment of CpG islands in cancer (51). However, as the reads approach the center of the CDR, the 
region is consistently unmethylated (Fig 5a). 

Long-read sequencing also makes it possible to robustly assign reads to haplotypes, allowing us to 
generate a fully phased human epigenome. The longer the read, the greater the chance of encounter-
ing one or more heterozygous single-nucleotide polymorphisms (SNPs), which can be used to phase 
the reads into maternal or paternal origin (17, 52, 53). Because HG002 is a diploid cell line, we could 
evaluate allele-specific epigenetic states of HG002 across the T2T-CHM13 reference using variant data 
on HG002 and both parents(54). We were able to confidently phase 96.47% of the genome, including 
the haploid sex chromosomes. Variant calling in satellite repeats is unreliable, making phasing in these 
“SNP desert” regions difficult, however when reads are long enough they can be anchored to SNPs at 
the unique flanking regions. In HG002 we identified allele specific methylation throughout complex 
satellite arrays, such as the subtelomeric D4Z4 repeat associated with facioscapulohumeral dystrophy 
(55) (Fig S17).

CHM13 contains nearly identical haplotypes which precludes SNP-based phasing techniques (56). 
However, using a methylation based clustering approach (Methods) allows us to identify haplotype 
specific methylation even in SNP deserts. Applying this analysis to an autosomal CDR, we examined 
the heterogeneity we previously noted in chromosome 19 (Fig 3c). We found only a single cluster at the 
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center of the CDR, but identified two equally sized clusters in a region slightly distal to the CDR (26.32-
26.35 Mb), suggesting the presence of haplotype specific methylation(Fig 5b). We were able to anchor 
three of the clustered reads using a heterozygous structural variant ~200 kb from the q-side edge of the 
CDR(56), validating these clusters as allele specific(Fig 5b). 

Looking outside the centromere, we applied single-read methylation analysis to the DXZ4 locus of the 
X chromosome, a 165 kb macrosatellite repeat containing 3 kb monomeric units (57). Each monomer of 
DXZ4 contains a bidirectional promoter with a CTCF site that is hypomethylated on the inactive X allele 
(Xi) and hypermethylated on the active X (Xa) (58). An initial analysis of the CHM13 sequencing reads 
in the region revealed distinct bands of hypermethylation and hypomethylation, with hypomethyla-
tion observed at the distal edge. Clustering reads by methylation at the promoter region of each DXZ4 
monomer revealed two distinct clusters of methylated promoters and unmethylated promoters that we 
hypothesize correspond with the Xi allele and the Xa allele (Fig 5c). However, we observed some of 
the array’s promoters are hypomethylated across both clusters. We attribute this heterogeneity in array 
methylation to the early developmental state of CHM13 (59–61).  For comparison, we looked at the Xa 
in HG002 and did not uncover any epigenetic heterogeneity within the array, perhaps due to the fact 
that it is a terminally differentiated male cell line (Fig S18). Our results indicate that it is possible to 
interrogate allele-specific methylation events across large tandem repeats even in the absence of het-
erozygous variants. Clustering using the “fifth base” or 5mC has utility in regions or samples with low 
heterozygosity and allows for clear interrogation of haplotype specific behavior. 

DISCUSSION

Our analysis has provided a first glimpse into uncharted areas of the epigenome, leveraging the newly 
complete human genome assembly, T2T-CHM13. We found that this new genome, paired with dy-
namic k-mer assisted mapping methods, increased unique alignment of ENCODE ChIP-seq data by 
2.35% in CHM13 compared to GRCh38. We reported increases in unique alignments across all histone 
marks surveyed and CTCF, indicating the increased reference quality of T2T-CHM13 and broadening 
the scope of existing epigenetic data to incorporate new genomic regions. 

While short-read data coupled with k-mer assisted mapping can reveal gross enrichment in highly 
repetitive genomic regions, to perform detailed probing of specific epigenetic patterns we needed long-
read data. Leveraging our ability to measure methylation directly on nanopore long-reads, we inter-
rogated the frequency of 5mC at 99.37% of the 32.3 million CpG sites within T2T-CHM13, 58.28% of 
which were contained within repetitive DNA, establishing the CHM13 methylome as the most complete 
human methylome surveyed to date (62). We compared methylation patterns within the highly com-
plex pericentromeric HSat repeats between CHM13 and HG002 to a level of detail unobtainable with 
WGBS. We found that the tandemly repeated genomic sequences were reflected in the methylation 
patterns with clear and regular repeats in bands of hypo- and hyper-methylation. These bands may 
serve as functional genomic features (i.e. promoters and/or protein-binding domains). Pericentromer-
ic satellites are likely to be rich in DNA-protein interactions to mediate secondary structure; they are 
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known for their involvement in higher-order chromosome territory organization and the formation of 
the chromocenter (63–65). Alternatively, the methylation banding could be a result of sequence prefer-
ence of de novo methyltransferases DNMT3A and DNMT3B (66) or could be influenced by DNA shape 
(67, 68). This result merits future studies into the functional role of methylation periodicity within 
pericentromeric satellites.

Within the HOR array, we identified a clearly demarcated hypomethylated region, the centromeric 
dip region (CDR), which is a universal feature of CHM13 centromeres. Though divergence in the HOR 
array precludes analysis of HG002 long-read data in the autosomes, using an assembly of the haploid 
X chromosome in HG002, we identified the same CDR feature in its centromere, establishing its pres-
ence in both of these cell lines.  NanoNOMe chromatin accessibility data in HG002 reinforces the CDRs 
importance, showing extreme inaccessibility coordinated with the hypomethylated dip. We found that 
CENP-B motifs are largely unmethylated in the CDR and methylated outside the CDR, suggesting con-
trol of this element may be coordinated by the methylation. Finally, using marker-assisted mapping on 
CENP-A CUT&RUN data in both HG002 and CHM13, we observe localization of CENP-A to the CDR, 
further emphasizing its importance in kinetochore regulation. 

One of the significant features of our single-molecule epigenetic data is our ability to investigate pat-
terns of epigenetics; in the past, we and others have used this feature to phase contiguous blocks of 
the human epigenome (17, 53). We have taken this a step further, using methylation alone to cluster 
reads in repetitive areas devoid of heterozygous polymorphisms, including the DXZ4 array where the 
methylation signature is important to X chromosome inactivation (55, 69). We can also use this data 
to investigate the epigenetic heterogeneity within the centromere, observing heterogeneous patterns of 
methylation which may provide clues to how methylation is regulated at the CDR. 

Our results highlight the power of long-read single-molecule assays to uncover novel epigenetic signa-
tures. However, a significant challenge to further exploring the epigenome in a larger and more diverse 
sample set is optimal sequence alignment, especially among structurally variable HOR regions. Efforts 
by the Human Pangenome Reference Consortium to generate fully phased diploid genome assemblies 
within a few years will help to mitigate this problem. Clearly, we are currently only scratching the sur-
face of what we can explore in the repetitive portions of the genome revealed by the new assembly. But 
many epigenetic assays still use short-read sequencing methods that, while useful with k-mer assisted 
mapping methods, still preclude clear measurement across repetitive regions or assessment of hetero-
geneity. Our work highlights the potential of long-read epigenetic methods to fully access the epigenetic 
landscape of repetitive regions of the genome. Following the examples set for chromatin accessibility(17, 
70–72), other sequencing techniques, such as ChIP-seq and Hi-C can be adapted to utilize long reads 
revealing more complex patterns about genome regulation. A long-read multi-layered assay would not 
only provide simultaneous epigenetic data in repetitive DNA, but also further reveal information about 
the interaction of multiple epigenetic marks on single molecules. 

METHODS
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CHM13 T2T Nanopore:

Human genomic DNA was extracted from the CHM13 cultured cell line. DNA extraction and sequenc-
ing methods are outlined in Miga et al, 2020; Logsdon et al., 2021 and Nurk et al. (3, 45, 73). Data is 
available at: https://github.com/nanopore-wgs-consortium/CHM13. 

CHM13 CpG Methylation Processing:

CHM13 ultra long nanopore reads were aligned to the CHM13 reference with Winnowmap-v2.0 (74) 
with a k-mer size of 15. BAM files were filtered for primary alignments with SAMtools (v1.9) and filtered 
for read lengths greater than 50 kb. To measure CpG methylation in nanopore data we used Nanopolish 
(v0.13.2)(16). Nanopolish uses a Hidden Markov model on the nanopore current signal to distinguish 
5mC from unmethylated cytosine. The methylation caller generates a log-likelihood value for the ratio 
of probability of methylated to unmethylated CGs at a specific k-mer. We next filtered methylation 
calls using the nanopore_methylation_utilities tool (https://github.com/timplab/nanopore-methyla-
tion-utilities), which uses a log-likelihood ratio of 1.5 as a threshold for calling methylation. CpG sites 
with log-likelihood ratios greater than 1.5 (methylated) or less than −1.5 (unmethylated) were con-
sidered high quality and included in the analysis. Reads that did not have any high-quality CpG sites 
were excluded from the subsequent methylation analysis. Nanopore_methylation_utilities integrates 
methylation information into the alignment BAM file for viewing in the bisulfite mode in Integrative 
Genomics Viewer (IGV) and also creates Bismark-style files(75). Methylation data was plotted by bin-
ning the genome with the BSgenome R package (BSgenome_1.56.0) and taking the average of CG sites 
within each bin. Single-read plots were generated with the ggplot2 R package (ggplot2_3.3.3) using the 
single-read data in the tabix indexed single-read methylation bed files generated from nanopore_meth-
ylation_utilities.

HG002 Cell Culture:

NA24385 cells (HG002) were obtained from the Coriell Institute (https://www.coriell.org/). Cells were 
grown in T-25 flasks in RPMI 1640 media with L-glutamine (Gibco; 11875093) supplemented with 15% 
fetal bovine serum (Gibco; 26140079) and 1% penicillin-streptomycin (Gibco; 15140122). Cells were 
cultured at 37C with 5% CO2 and were maintained by passaging ~1/3 into fresh media every three days. 
Cells tested negative for mycoplasm contamination with the LookOut Mycoplasm PCR Detection Kit 
(Sigma; MP0035) and Jumpstart Taq DNA Polymerase (Sigma; D9307). Cells at passage 11 were used 
in nanoNOMe sequencing.

NanoNOMe HG002 Sequencing:

NanoNOMe library preparation was performed according to the methods outlined in Lee et al., 2020 
(17). Cells were collected by resuspension, then nuclei were extracted by incubating in resuspension 
buffer (100 mM Tris-Cl, pH 7.4, 100 mM NaCl, 30 mM MgCl2) with 0.25% NP-40 for 5 min on ice. In-
tact nuclei were collected by centrifugation for 5 min at 500g at 4 °C. Nuclei were subjected to a meth-
ylation labeling reaction using a solution of 1x M.CviPI Reaction Buffer (NEB), 300 mM sucrose, 96 μM 
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S-adenosylmethionine (NEB) and 200 U of M.CviPI (NEB) in 500 μl volume per 500,000 nuclei. The 
reaction mixture was incubated at 37C with shaking on a thermomixer at 1,000 RPM. for 15 min. S-ad-
enosylmethionine was replenished at 96 μM at 7.5 min into the reaction. The reaction was stopped by 
the addition of an equal volume of stop solution (20 mM Tris-Cl, pH 7.9, 600 mM NaCl, 1% SDS, 10 mM 
disodium EDTA). Samples were treated with proteinase K (NEB) at 55C for >2 h and DNA was extract-
ed via phenol:chloroform extraction and ethanol precipitation. After ethanol precipitation we enriched 
for HMW DNA with Circulomics Short Read Eliminator Extra Long (SRE-XL; SS-100-111-01). 

Purified gDNA was prepared for nanopore sequencing following the protocol in the genomic sequenc-
ing by ligation kit LSK-SQK109 (ONT). Each nanopore library was prepared with 2 μg of input DNA. 
Fifteen libraries were generated and run on five PromethION flow cells (three libraries per flow cell). 
Flow cells were flushed at 24 hours and 48 hours with the Oxford Nanopore's Flowcell Wash kit (EXP-
WSH003) and reloaded with fresh library. Sequencing runs ran for a total of 72hrs and were simultane-
ously basecalled with Guppy 4.0.11. All nanoNOMe data can be accessed at on Sequence Read Archive 
with BioProject Accession number PRJNA725525. 

NanoNOMe Methylation Processing:

HG002 nanoNOMe reads were aligned to a reference genome consisting of CHM13 chromosomes 1-22, 
HG002 chromosome X and GrCh38 chromosome Y with Winnowmap-v2.0 (74) with a k-mer size of 15. 
BAM files were filtered for primary alignments with SAM flag -F 256 and filtered for read lengths great-
er than 20 kb. 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 (16). We set an LLR 
threshold of -1/1 for GpC methylation calls and -1.5/1.5 for CpG methylation calls. Reads that did not 
have any high-quality sites were excluded from the subsequent methylation analysis. Nanopore_meth-
ylation_utilities integrates methylation information into the alignment BAM file for viewing in the bi-
sulfite mode in IGV and also creates Bismark-style files. 

In order to choose the optimal bin size for accessibility analysis, we used the intrinsic smoothness test 
previously explained by Sobecki et al. (76). 15 kb bins chosen by intrinsic smoothness test were then 
investigated for possible bias in CG and GC coverage. To visualize the methylation and accessibility pat-
terns, the bins were z-normalized across each chromosome. Nucleosome footprints were determined by 
counting the number of consecutive unlabelled GpC sites, or “Inaccessible Runs”. 

Smoothed methylation Maps:

CpG methylation frequency for methylation map plots was generated by calculating the fraction of meth-
ylated reads to total coverage within bins in CHM13 or HG002 with the BSGenome Bioconductor pack-
age (https://bioconductor.org/packages/BSgenome). Multiples of three bins were further smoothed 
with the “rollmean” function from the  R package Zoo (https://cran.r-project.org/web/packages/zoo/
index.html)(77). For comparing CpG coverage between CHM13 and HG002 CpG calls aligned to the 
T2T-CHM13 reference we flagged bins with greater than 90% of their methylation calls falling outside 
the coverage threshold (10X-100X) in the methylation maps to denote where calls are lower quality. 
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Single-read plots were generated in the ggplot2 R package. Quantification panels above single-read 
plots were generated by taking the average methylation at each position in 1000 bins per 50 kb.

Methylation clustering:

Methylation clustering was done by selecting all reads spanning a specific locus and using the mclust 
(v5.4.7) R package with the “VII” model to cluster methylation calls across the locus(78). Within mclust 
we specified G as between 1 and 9 clusters. Positions with methylation calls that did not pass threshold 
to be called methylated or unmethylated were assigned a value of 0.5. 

Methylation Processing Code Availability:

Code for all CHM13 and HG002 CpG methylation and GpC methylation available: https://github.com/
timplab/T2T-Epigenetics

SNP based phasing:

HG002 variant calls were generated  from ultra-long nanopore sequencing reads with PEPPER/Deep-
Varient (https://github.com/kishwarshafin/pepper) (54). HG002 NanoNOMe sequencing reads were 
phased with whatshap (v1.0) (79) command: phase --ignore-read-groups.  

CENP-B motif annotation:

CENP-B sites in HG002 chromosome X were identified with fuzznuc software tool from EMBOSS (80) 
searching for the CENP-B consensus sequence as follows:

fuzznuc --sequence HG002_chromsomeX.fasta --pattern NTTCGNNNNANNCGGGN -com-
plement

CUT&RUN Library Generation

CUT&RUN was carried out as in Thakur and Henikoff 2018 (81), with some variations. Frozen pellets of 
1.6 M HG002 cells or 1.2 M CHM cells were thawed on ice and centrifuged at 500xg for 5 minutes at 4C. 
Cells were washed with cold PBS twice. For nuclear extraction, each cell pellet was resuspended in 500 
uL of Nuclear Extraction Buffer (NEB, 20 mM HEPES pH 7.9, 10 mM KCl, 0.5mM Spermidine, 0.1% 
NP40, 20% glycerol, Roche Proteinase Inhibitor tablets) by pipetting gently, and incubated on ice for 5 
minutes. Cells were centrifuged and washed with Washing Buffer (WB, 20mM HEPES pH 7.5, 150mM 
NaCl, 0.5mM Spermidine, 0.1% BSA, 0.05% NP40, Roche Proteinase Inhibitor tablets), blocked in WB 
containing BSA, and incubated in primary antibody for 2h at 4C under rotation. Primary antibodies 
used were: mouse CENP-A (Abcam, ab13939), rabbit CENP-B (Abcam, ab25734).

Cells were washed twice with WB and incubated with pAG-MNase (Cell Signaling) for 1h at 4C under 
rotation. For pAG-MNase digestion, samples were incubated on ice-water (0C) for 10 minutes, and 
CaCl2 was added to 2mM as final concentration. Samples were incubated for 30 minutes at 0C). To 
stop digestion, an equal volume of 2X STOP solution (200 mM NaCl, 20 mM EDTA, 4 mM EGTA, 0.1% 
NP40) was added. To recover low-salt fragments, samples were incubated for 1h at 4C under rotation, 
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centrifuged at 500xg for 5 minutes and supernatant collected and labeled as low-salt fraction.. RNase 
A was added following incubation for 20 minutes at 37C. Samples were treated with Proteinase K for 1h 
at 65C (or overnight), and DNA extraction was carried out with MasterPure Complete DNA Isolation kit 
(Lucigen) as indicated by the manufacturer. Samples were analyzed by a Fragment Analyzer. 

For library preparation, 1.5 pg of Spike-in Yeast DNA was added (obtained from the Henikoff lab) and 
NEBNext Ultra II End repair/A-tailing and Ligation kits were used as indicated by the manufacturer. 
DNA was cleaned using AMPure XP beads and the PCR reaction was carried out using NEBNext Ultra 
II Q5 master mix and NEBNext multiplex oligos for Illumina (12 cycles with annealing/extension for 
15 seconds at 65C). Libraries were cleaned using AMPure XP beads as indicated by the manufacturer. 
Libraries were sequenced using NovaSeq 50PE sequencing.

ENCODE Dynamic k-mer assisted mapping:

We selected several ChIP-seq datasets generated as part of the ENCODE project (18) choosing ChIP-seq 
samples with at least 100 bp paired-end sequencing data and at least one matching input control (Meth-
ods). These criteria yielded 96 total sequencing libraries (Supplemental Data 1). All ENCODE-gen-
erated raw FASTQ files were downloaded from the ENCODE data portal (82). Prior to mapping, reads 
originating from a single library were combined. Reads were mapped with Bowtie2 (v2.4.1)(83) as 
paired-end with the arguments “--no-discordant --no-mixed --very-sensitive --no-unal --omit-sec-seq 
--xeq --reorder”. Alignments were filtered using SAMtools (v1.10) (84) using the arguments “-F 1804 -f 
2 -q 2” to remove unmapped or single end mapped reads and those with a mapping quality score less 
than 2. PCR duplicates were identified and removed with the Picard tools “mark duplicates” command 
(v2.22.1, http://broadinstitute.github.io/picard) and the arguments “VALIDATION_STRINGEN-
CY=LENIENT ASSUME_SORT_ORDER=queryname REMOVE_DUPLICATES = true”. 

Alignments were then filtered for the presence of unique k-mers. Specifically, for each alignment, refer-
ence 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 5 less than or equal to the aligned reference sequence length. Alignments were 
discarded if no unique kmers occurred in either end of the read. k-mer databases were generated using 
KMC3 (v3.1.1)(85). Alignments from replicates were then pooled. Bigwig genome tracks were created 
using deepTools bamCoverage (v3.4.3)(86) with a bin size of 1bp and default for all other parameters. 
Across all cell lines and marks, initial Bowtie2 alignments only yielded a 0.6% average increase in 
aligned reads to CHM13 versus GRCh38p13, however after intersecting the alignments with unique 
variable-length k-mers, the percentage of new alignments increased to 2.33% on average (Table S1).

Mapping differences were broken down into five categories: satellites, LINEs/SINEs, segmental du-
plications, all other repetitive element types, and non-repetitive sequence. The segmental duplication 
regions were obtained from Vollger et al(87). The remaining repeat categories were obtained from Hoyt 
et al(88). LINE and SINE regions were extracted from the repeat masker annotation, merged so there 
were no overlapping elements, and intersected with the segmental duplication intervals to remove 
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overlaps. The satellite regions were obtained the same way with the addition of intersecting them with 
both the segmental duplication and LINE/SINE intervals. The remaining repeat intervals were defined 
as all repeat masker annotations, merged and intersected with the previous three interval sets. The 
non-repetitive regions were defined as all intervals not covered by one of the above four tracks.

Peak calls were made using MACS2 (v2.2.7.1)(89) with default parameters and estimated genome sizes 
3.03e9 and 2.79e9 for chm13v1 and GRCh38p13, respectively. GRCh38p13 peak calls were lifted over to 
chm13v1 using the UCSC liftOver utility, the chain file created by the T2T consortium (citation), and the 
parameter “-minMatch=0.2”. Peak intersections were determined using bedtools (v2.26.0)(90) count-
ing each liftOver peak only once if any intersection occurred.

Full pipeline is available at https://github.com/msauria/T2T_Encode_Analysis. 

Reduced representation bisulfite sequencing (RRBS):

RRBS raw sequencing data from early human embryos from Guo et al.(39), was obtained from SRA 
(GEO accession: GSE49828) with fastq-dump (v2.8.0, http://ncbi.github.io/sra-tools/). RRBS reads 
were trimmed with TrimGalore (v0.6.6, https://github.com/FelixKrueger/TrimGalore) using the “--
rrbs” and “--paired” parameters. The reads were aligned with Bismark (v0.22.2)(75) using the “bis-
mark” command with the key parameters “-p --bam --bowtie” to the CHM13 reference genome pre-
pared by the Bismark command “bismark_genome_preparation” with default parameters. Methylation 
data was extracted using the Bismark command “bismark_methylation_extractor” with the following 
parameters: “-p --comprehensive --merge_non_CpG --bedGraph --gzip --remove_spaces --cytosine_
report”. Methylation calls from technical replicates of the same biological replicate were combined by 
using the Bismark command “bismark2bedGraph”with the following parameters: “--buffer_size 20G 
--remove_spaces”. RRBS and CHM13 methylation data were then imported into R using the “read.
bismark” command from the “bsseq” package (v1.24.4)(91) using only CHM13 reference CpGs with the 
following parameters “strandCollapse = TRUE, rmZeroCov = FALSE”.  CpG loci were retained if they 
were covered by at least one read in 90% of the samples analyzed. Percent methylation was used to 
compare the samples by Euclidean distance with the R function “dist” with default parameters. Samples 
were clustered using the R function “hclust” using the “ward.D” method. The dendrogram (Fig S10) 
was plotted using “ggdendrogram” with default parameters. Full pipeline is available at  https://github.
com/timplab/pwh_projects/tree/master/chm13_rrbs. 

HG002 Bisulfite: 

TruSeq Bisulfite FASTQs were collected from the epiQC study (92). Paired-end FASTQs were aligned 
with Bismark (v0.22.2) with default parameters to a reference CHM13 autosomes (chromosomes 1-22), 
HG002 T2T chromosome X and GRCh38 chromosome Y (https://github.com/FelixKrueger/Bismark) 
(75) using the “bismark” command with the key parameters “-p --bam --bowtie” to the reference ge-
nome prepared by the Bismark command “bismark_genome_preparation” with default parameters. 
Methylation data was extracted using the Bismark command “bismark_methylation_extractor” with 
the following parameters: “-p --comprehensive --merge_non_CpG --bedGraph --gzip --remove_spaces 
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--cytosine_report”. CpG methylation frequency for methylation map plot was generated by calculating 
the fraction of methylated reads to total coverage from the bismark CpG coverage bed file within bins 
in HG002 chromosome X with the BSGenome Bioconductor package (https://bioconductor.org/pack-
ages/BSgenome). Multiples of three bins were further smoothed with the “rollmean” function from the  
R package Zoo (https://cran.r-project.org/web/packages/zoo/index.html)(77).
CUT&RUN marker-assisted mapping:

Marker-assisted mapping of CUT&RUN data to the same genome (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 Altemose et al., (44). In brief, 150 bp paired-end 
CUT&RUN libraries were mapped with bwa-mem (93) and filtered with SAMtools (94) for unique 51-
mers as follows:

bwa mem -k 50 -c 1000000

overlapSelect -overlapBases=51

Unique 51-mers were generated with Meryl software (95). This method differs from dynamic k-mer 
assisted mapping in that there is a set k-mer size of k=51 and indels are not accounted for. More strin-
gency can be placed on reads generated from the same genome as the reference as is the case with the 
CUT&RUN and not with the ENCODE datasets.

Repeat-Masking:

RepeatMasker annotations were generated in Hoyt et al.(88), and are available for both T2T-CHM13 
and GRCh38 on the T2T UCSC genome assembly hub (http://t2t.gi.ucsc.edu/chm13/hub/hub.txt). 
Centromere annotations:

Centromere region repeat annotations are described in Altemose et al.(44) , and are available on the 
T2T UCSC genome assembly hub (http://t2t.gi.ucsc.edu/chm13/hub/hub.txt).
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