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Figure 5. Transcriptional profiles of TEs are highly correlated with sequence divergence and epigenetic 
features. 
(A-F) RNA polymerase occupancy, methylation levels, CpGs and divergence for (A) AluY, (B) HERV-K, (C) 
SVA-E, (D) SVA-F, (E) L1Hs, and (F) L1P elements from CHM13. Heatmaps of (left panel) CHM13 PRO-seq 

density (red scale, normalized reads per million) and average profiles showing sense and antisense strands 

(upper panels) and (right panel) methylated CpGs (red-purple scale, aggregated frequency per site) for TEs 

grouped by their potential for mobility in A-E (full length (FL) and immobile (IM) or L1PA subfamily (F, all 

immobile)). Each repeat element is scaled to a fixed size; TSS (transcription start site), TES (transcription end 

site), and ±0.1Kbp or ±0.3Kbp are shown (bottom). Representative schematic of elements and respective 

subcomponents are shown above the composite profile, scaled to the TSS and TSS; red blocks indicate 

previously known promoter regions. Blue arrows indicate sites of RNA polymerase pile-ups. (Right of each set) 

Parallel plots for each TE are shown, highlighting each group of TEs (FL/IM, or L1P subfamily). Vertical axes 

represent scaled values for average methylation, # of CpG sites, and divergence from RepeatMasker 

consensus sequences for each instance of the element. Coloration by the number of overlapping ProSeq reads 

where purple represents the highest read overlap and blue the lowest, on the scale matching each plot.  
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The transcriptional landscape of human centromeres  

The availability of high confidence centromere annotations for CHM13 (13, 80, 81) provides an 

unprecedented opportunity to assess transcription and active RNA polymerase activity across the 

centromere and pericentromere. Recent work implicates centromere transcription as integral to proper 

centromere function, impacting the pivotal event in centromere assembly: the loading of newly 

synthesized CENP-A histones (82–88). While mounting evidence suggests RNA is a critical 

component of the epigenetic cascade leading to faithful CENP-A assembly, an assessment of nascent 

transcription across human centromeres has not been possible before the complete T2T-CHM13v1.0 

assembly.  

 

Across all genome-dependent and genome-independent approaches (Note S8, Fig. S32-S33), we 

observed low levels of satellite transcription (Fig. S34-36, Table S20), indicating that RNA polymerase 

occupancy at satellites, inclusive of all satellites annotated in CHM13v1.0, is lower than that observed 

for all other repeat types. The low levels of satellite transcription are not explained by differences in 

genomic abundance between satellite repeats and other repeats. Indeed, after normalizing the 

observed PRO-seq levels to the expected levels based on the abundance of repeats in the genome 

(shuffled reads), satellites are the lowest among all other repeat types (Fig. S36), indicating 

repression of satellites genome wide. 

 

Since centromere transcription and CENP-A deposition are dynamic processes (89), we set out to test 

whether satellite transcription varied across the cell cycle. Following synchronization and release into 

mitosis (Fig. 6A, left), both CASK (Fig. 6A) and BT2 mapping (Fig. S37) methods show overall repeat 

transcription drops in mitosis, with the exception of tRNA transcription, which increases slightly. 

SINEs, LINEs and LTRs increase transcription rates at the 1hr timepoint, and reach a steady state by 

1.5hrs, coincident with the transition to G1 post CENP-A loading. Notably, satellite transcripts are 

detected, but at low levels across the cell cycle (Fig. 6A, Fig. S37), consistent with the data obtained 

for CHM13 (Fig. S34-36). Given the developmental stage of CHM13 (22), we used publicly available 

datasets to determine if the low level of satellite transcription was specific to CHM13 or its early 

developmental stage. Across cell types (CHM13, RPE-1) and developmental stages (ES- embryonic 

stem cells, DE - differentiated endoderm, duodenum, ilium), retroelements show dynamic PRO-seq 

profiles yet satellite transcription remains low (Fig 6B, Fig. S38-S39). Across all cell types and 

timepoints, alpha satellites within the CENP-A containing higher order repeat arrays (HOR) (13) show 

generally higher PRO-seq signal than dHOR (degenerate HOR alpha satellite arrays) and monomers 

or interstitial alpha satellites (MON) (Fig. S40). Thus, while nascent transcription is low, transcription 

from alpha satellites is detectable within the HOR domain that demarcates the active centromere (Fig 
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6C). The low level of detectable transcripts within the active HOR domains are in contrast to the 

transcriptional level of pericentromeric satellite arrays where satellite transcripts promote the 

recruitment of chromatin modifiers to maintain the heterochromatic status of these domains (90). 

 

Early work in human cell lines showed that there was a higher propensity for recent TE insertions in 

HORs, with older TEs detected in dHOR and monomeric regions (91) (and see (13)). TE annotations 

for CHM13 show that members of the active retroelement families are found within centromeric HOR 

satellite arrays (Table 4, Table S21) at low frequencies. The HOR of Chromosome 3 contains a TE 

island adjacent to a dHOR (Fig. 6D, E), reminiscent of TE rich centromeres found in other species 

(e.g. maize (92), cereal (93), rice (94), wallabies (95–97), gibbons (27, 58)) and the TE islands that 

define Drosophila centromeres (98). The Chromosome 3 TE island is 97% similar to two 

pericentromeric loci on Chromosome 6 (Fig. 6D) and consists of older, non-mobile retroelements (Fig. 

6E), suggesting it is the result of segmental duplication rather than serial TE insertions. This TE 

island, however, is transcriptionally active and demarcates transitions in methylation frequency that 

demarcate inactive (dHOR) and live HOR arrays (22). Single insertions of TEs are found within HORs, 

dHORs, and monomeric regions (Table S21), retain their PRO-seq signal yet show limited evidence of 

transcription of adjacent alpha satellites (Fig. 6F,G), indicating that read-through transcription from 

embedded TEs may impact alpha satellites, but not in the arrays underlying the CDR. While the 

generally low signal of transcription and unique marker density across HORs precluded an informative 

deepTools2 (99) analysis of PRO-seq profiles (Fig. S41), TE insertions show a marked impact on 

methylation trends across the HORs. For example, two insertions of L1Hs elements on Chromosome 

18 mark shifts in aggregated methylation frequency (Fig. 6F). On Chromosome 19, insertions of TEs 

that break the HORs into dHORs and monomeric segments define transitions in DNA methylation 

profiles (Fig. 6G). Notably, the TE insertions within the monomeric blocks adjacent to the CDR-

containing HOR form a TE boundary, and in the p-arm side of the array appear to form a young TE 

island derived from multiple insertion events rather than segmental duplication (Fig. S42). PRO-seq 

signal is higher in the alpha satellites immediately adjacent to the TE island; however, as in 

Chromosome 3 the signal from satellites appears limited to the dHOR and monomeric alpha satellites. 
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cenSAT 
annotation SINE LINE LTR Retroposon DNA 

HOR 5 19 1 0 0 

dHOR 14 67 1 1 3 

Monomeric (MON) 176 958 196 23 9 

HSAT1 462 0 0 0 66 

HSAT2 0 19 0 0 0 

HSAT3 2618 41 5 130 0 

HSAT4 16 4 6 1 0 

HSAT5 2 0 44 0 0 

BSAT 248 32 99 6 4 

 
Table 4. TE density increases in distance from the HOR portion of centromeres. Number of TEs, by class, 

embedded within satellite regions, defined by location with respect to the centromere and non-centromeric 

satellites (13). The CENP-A region is found in the HOR. 

 
 

Given the higher proportion of L1Hs insertions in HORs, and previous work showing a strong link 

between L1 transcription and neocentromere formation (88, 100), we compared L1Hs embeds within 

HORs to those found in dHORs, monomers and chromosome arms to determine whether L1Hs 

embeds retained their TE signatures or were “overwritten” by their local environment. We find no 

statistical evidence that L1Hs embedded within HORs and dHORs deviate in length, divergence, or 

average methylation from those found outside of these regions (Fig. S43-S44, Table S22). However, 

L1Hs embedded within monomeric segments of alpha satellites are both more diverged and less 

methylated when compared to L1Hs that are embedded in HORs (p<0.05), dHORs (p<0.01), or not 

embedded at all (p=<0.001). In addition, both L1Hs and AluYs within monomeric regions show less 

transcription than their counterparts elsewhere in the genome, including those in the HOR and dHOR 

(Fig. S41, S44; it should be noted that the number of embeds within the HOR for AluY elements is too 

low to delineate signal from stochastic noise with confidence (Table 4)).  

 

While we find no clear link between alpha satellite transcription and the CENP-A loading domain that 

coincides with the CDR (13, 22), transcription is detectable from embedded TEs and marks shifts in 

methylation frequencies across satellite domains. Whether and how TEs facilitate these shifts is 

unknown. In previous work, the activity and copy number of TEs has been linked to alterations in 

methylation levels within centromeres in interspecific hybrids, resulting in chromosome instability (97), 
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indicating a balance of methylation is required for centromere stabilization. With the technological 

advances presented in the assembly and annotation of the CHM13v1 human reference, comparative 

studies across other species will aide in revealing how the structure of the satellite dense centromeres 

of human differs from that of TE-enriched centromere in other species (101) and how these 

differences impact centromere function and chromosome evolution. 
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Figure 6. Centromere landscape is characterized by the transcription of TEs rather than satellites. 
(A) (Left) Cell sorting data showing the stages of the cell cycle following synchronization and release. (Right) 

ribbon plots of repeat abundance in PRO-seq data (shown as Reads per Million RPM) assessed by CASK 

(Classification of Ambivalent Sequences using k-mers) method in asynchronous and synchronized HeLa cells 

collected at time points across the cell cycle (key in inset). Zoom shows the reads for the lower range of 

expressed repeats, including all satellites classified in CHM13 (tan). (B) Ribbon plot of repeat abundance in 

PRO/CHRO-seq data, shown as RPM, assessed by CASK method across different developmental stages and 

samples. Datasets include CHM13 PRO-seq and native RNA-seq, PRO-seq for RPE-1 (differentiated retinal 

pigment epithelial cells), and CHRO-seq for H9 ES (embryonic stem cells), DE (differentiated endoderm cells), 

duodenum tissue, and ileum tissue. Zoom shows the reads for the lowest of categories of repeats across all 

samples, including the satellites classified in CHM13. (C) Repeat enrichment across PRO-seq and RNA-seq 

datasets (all times points and tissues) ranked from least (red) to most enriched (blue) based on k-mers 

normalized to genomic frequency in CHM13. (D) Island of TE elements found within the HOR of CHM13 

Chromosome 3 has undergone segmental duplication to pericentomeres of Chromosome 6. Colored blocks are 

RM2 tracks for the duplications as indicated by purple (light- Chromosome 6, dark – Chromosome 3). (D) 
Browser track of CHM13 Chromosome 3 centromere including cen transition (gray) and satellite arrays (colored 

as per key to left). The TE island (black box) resides within the alpha satellite HOR yet does not overlap with the 

CDR (red box) (22). Top: censat, RM2, methylation frequency and PRO-seq (BT2 normalized to non-

mitochondrial alignments), are shown. Zoom inset (right) shows PRO-seq signal across TEs (denoted as per 

RM2 track) associated with low methylation levels. (E) The relative age of retroelements (left) shows the island 

contains no elements with recent activity, but rather has elements that were active during the divergence of the 

hominoid lineages. (F) Recently active retroelements (green ticks in RM2 track) found embedded within alpha 

satellite HOR arrays (red) on Chromosome 18 are transcriptionally active (left, middle) and located (black 

arrows and boxes) at transitions in CpG methylation (metaplot at bottom; 200 bins total) and CpG density 

(below) within the array. Grey arrowhead indicates an example location of potential read through transcription 

from the TE into the satellite (G) The HOR of Chromosome 19 is interrupted by TE insertions and a “young” TE 

island, neither of which overlap with the CDR. The TEs mark transitions in CpG density and CpG methylation 

(bottom, right, color-coded as per Chromosome 18).  

 
 

CHM13 serves as a reference for comparative TE analyses across human genomes 

Studies of the link between TE activity and chromatin states can extend beyond local influences, as 

exemplified by LINE and SINE transcriptional activity and the chromosome-wide silencing of the X 

chromosome during X inactivation (102–104). Two noncoding RNAs on the X chromosome are 

central to the inactivation of one X in females, Xist and Tsix (105). These two loci overlap one another 

in a sense/antisense orientation but are in distinct topologically associating domains (TADs); Tsix is 

the antisense repressor of Xist, whose upregulation leads to X inactivation (106). The bipartite 
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structure of the locus in two TADs facilitates partitioning of the X inactivation center (XIC) and 

supports appropriate timing of X inactivation through Xist transcription in early development (107). 

Moreover, an early step in the formation of heterochromatin across the inactive X is the silencing of 

LINEs and SINEs within the Xist RNA compartment (102). 

 

The scarcity of SNPs (22) in CHM13, coupled with the short-reads of PRO-seq data, made it 

impossible to discern transcripts originating from one X allele versus the other within CHM13. 

However, the methylation-based long-read clustering method developed for CHM13v1.0 (Note S9) 

afforded the ability to phase reads into their individual alleles, supporting the assessment of 

methylation differences of TEs between the two X chromosomes in the XIC. Targeting the Xist/Tsix 

locus, nanopore reads were clustered into two distinct alleles with differential methylation profiles (Fig. 

7A), supporting the observation that X inactivation occurs in CHM13 (22). PRO-seq signal was found 

across the Xist locus while no signal was detected from the Tsix locus, indicating X-inactivation has 

proceeded, resulting in differential methylation profiles across alleles. Low methylation (blue in Cluster 

2) marks the initiation of Xist transcription, followed by high methylation levels across the Xist/Tsix 

locus on this allele, inclusive of the interspersed repeats found across the locus (Fig. 7A, Table S23). 

A distinct pause (indicated by a pile-up of PRO-seq signal) after the termination signal of the Xist 

transcript unit was found that coincides with the TAD junction and delineates the Xist and Tsix 

domains. These data are inconsistent with a recent report that androgenetic hydatidiform moles lack 

X-inactivation based on qRT-PCR (108), demonstrating the utility of coupling nanopore-based 

methylation calls with the detection of nascent transcripts through PRO-seq for high resolution 

functional assessment of loci in the human genome.  

 

As an example of the prospective that the CHM13 reference, methylation and repeat annotations 

provide for future work expanding to emerging long-read based human genome assemblies, we 

compared both the XIC and chromosome-wide repeat content of the Chromosome X from CHM13 

and HG002 (XY). As expected, the XIC in HG002 shows high methylation across the locus and only a 

single allelic cluster (Fig. 7B, Table S23), with no detectable transcripts across the Tsix/Xist domain 

(data not shown). Sequence comparison of the 269,020 repeats assessed between the haploid X of 

HG002 and CHM13 (Fig. 7C, Table S24-25) uncovered 778 repeat differences, of which 70% were 

simple repeats and 21% were TEs (64 of which were length outliers (Note S9, Fig. S45)). Collectively, 

these data revealed a combination of simple repeat and TE expansions, nested TEs (polymorphic 

insertions in the population), and variability in the size of arrays of novel repeats identified in CHM13 

(sinope, cyllene and harpalyke) and composite elements, three of which carry genes in their core unit 

(GAGE12, CT45 and CT47) (Fig. 7C). Of the five new arrays identified on Chromosome X, three are 

present in HG002; the remaining two are located in the PAR1 region which has not been fully 
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assembled at this time (Fig. S46). Collectively, these data demonstrate that the depth of repeat 

annotations based on the CHM13v1.0 assembly can serve as a reference for studying human 

variation inclusive of repeats that impact local and regional chromatin, gene expression, and gene 

copy numbers.  
 

 
 
Figure 7. Repetitive elements define differences between human genomes. 
Single read methylation profiles were extracted, and reads were clustered based on the methylation state of the 

Xist promoter from CHM13 (A) and HG002 (B). Differences in repeat methylation were calculated by taking the 

average methylation per repeat and subtracting cluster 2 repeats from cluster 1 repeats. Directionality of 

transcript units are indicated (top). Normalized PRO-seq reads show a marked pile-up of RNA pol II at the 

predicted TAD boundary at the 3’ end of the Xist transcript. (C) Heatmap of Chromosome X showing the 

location of all repeat differences between the X’s of HG002 and CHM13 (left) and the location of the top four 

categories of repeat differences: polymorphic (insertion/deletion), SRE (short repeat extension), TE extension, 

and variable array length (right ideogram). Gaps between CHM13 and GRCh38 are indicated with black blocks 

between the heatmap and ideogram.  
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Conclusion 
The assembly of the first truly complete, telomere to telomere (T2T), human genome reference 

facilitated our development of an unprecedented atlas of repeats that comprise over 53% of the 

human genome. Through this collaborative effort, we have developed a resource of human repeat 

annotations and methods to guide future efforts in exploring the complexities of repeat biology in 

human and other genomes. Our efforts focused on two main areas: repeat sequence and functional 

annotation. Through repeat sequence annotations, we have updated repeat models and implemented 

newly developed repeat modelling tools that supported the identification of previously unknown 

satellite arrays, expanded the catalog of variants for known repeats and TEs, and identified new 

classes of complex, composite repeat elements. Deeper exploration of such repeats, highlighted by 

examples herein, revealed the complexity of genetic mechanisms that impact repeats during different 

phases of their lifecycle and thus illustrate the myriad mechanisms by which they are major 

contributors to defining the structure and content of the human genome. 

 

For example, we found that a single TE transduction event captured a short sequence, WaluSat, in a 

primate ancestor. Subsequent segmental duplications of the region carrying this new composite TE-

sat repeat spread the sequence to several chromosomes, including four of the acrocentric 

chromosomes. The satellite portion of the repeat expanded to almost 0.5Mbp of sequence on the 

acrocentrics, resulting in the alteration of the structure of this portion of the chromosome into regions 

dense with G4s, structures recently suggested to be novel functional elements within the human 

genome (109). This example highlights the need for future functional studies dissecting the impact of 

repeats on the local chromosome environment, such as replication timing, local transcription, DNA 

damage and repair processes, and establishing TAD boundaries. Correlatively, these data lay the 

groundwork for exploring the impact of local environments (such as gene poor regions as found on 

the acrocentric arms of human chromosomes) on sequence constraint and mutation rates for newly 

established repeats. 

 

Our functional annotations defined the transcription of repeats, including sites of engaged RNA 

polymerase, as well as DNA methylation profiles based on long-read sequencing, both at single 

nucleotide resolution. These data collectively provided the first high-confidence functional annotation 

of repeats across the human genome. Using these data, phylogenetic and statistical modelling 

exposed differential evolutionary patterns across TE families and among chromosomal regions. For 

example, we find that the tandemly arrayed TE-derived satellite SST1 carries unique methylation and 

transcriptional profiles, including an enhancer embedded within each unit, that is found only in specific 

arrays on Chromosomes 19 and 4. These arrays are already known to be hypervariable in the human 

population and alterations in their activity have been linked to several cancers. However, a full 
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understanding of copy number variation, epigenetic instability and transcription of SST1 elements has 

been hampered by a lack of complete annotations of copies of these elements elsewhere in the 

genome. In this study, we doubled the annotations of SST1 sequences across 17 chromosomes 

(including the Y chromosome from the GRCh38 assembly), providing a reference to define clinically 

relevant loci with respect to chromosome instabilities that often accompany cancer transformation. 

Our functional annotation revealed transcriptional signatures of both promoters and enhancers within 

active SST1 elements that would impact local transcription and chromatin structures. Moreover, the 

detection of an enhancer implicates SST1 in defining cellular partitions, such as paraspeckes and 

phase separated condensates ((63), reviewed in (110)), that would have an impact on other genomic 

loci. 

 

Combined with the work of defining the linear order and content of centromeric sequences as part of 

the T2T consortium, we find that engaged RNA polymerase signal is low across centromeric satellites 

arranged in arrays, irrespective of stages of the cell cycle or development. 

Rather, active transcription is detected in embedded retroelements coinciding with shifts in 

methylation states that demarcate active centromere domains. To date, the centromere biology field 

has been limited by a lack of a linear assembly across human centromeres, challenging the 

development of models to describe genetic and epigenetic elements that define centromeric 

chromatin. Given the recent work focused on satellite transcription and centromere function, our data, 

in concert with the extensive centromere annotations for CHM13 (13), reveal that these high density 

repeat regions are not static in sequence, epigenetic nor transcriptional activity and that there is a 

high degree of substructure across the centromeric regions that impact function. This work lays the 

foundation to support functional studies that aim to tease apart different transcriptional and epigenetic 

components that differentiate centromere assembly, maintenance and initiation within a centromere 

and across centromere variants. Expanding this work to compare the landscape of the variable 

centromere forms that are found across all domains of life, as well as in those that arise in human 

disease, will reveal the complex life cycle of centromeres (101). 

 

Studies of human genetic variation have been relatively blind to repeat variation among individuals, 

particularly arrayed and complex repeats, as these types of sequences are recalcitrant to short read 

sequencing technologies, mapping and functional annotation methodologies. As a prospective of the 

utility of complete reference genomes in studying human genetic variation, we compared two T2T X 

chromosomes. We find 218Kbp of repeat differences among these two chromosomes (0.18% of the 

chromosome, excluding the 1.9Kbp PAR), including repeat variation in complex arrays that carry 

exonic material and thus affect gene dosage. Thus, comparative analyses of T2T-level assemblies 
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reveal the potential for discovering an even wider range of repeat variation across the 46 

chromosomes that constitute the human genome.  

 

Finally, our work demonstrates the need to increase efforts towards achieving T2T-level assemblies 

for non-human primates to fully understand the complexity and impact of repeat-derived genomic 

innovations that define primate lineages, including humans. For example, we find repeat variants that 

appear enriched or specific to the human lineage that may impact gene content, such as protein 

coding sequences found in composites and those derived from TE transduction events. In the 

absence of T2T-level assemblies from other primate species, we cannot truly attribute these novelties 

to specific human phenotypes; the efforts of the T2T consortium lay the groundwork for such in-depth 

comparative analyses. The extent of variation described herein for a single human chromosome 

across two individuals (HG002 and CHM13) highlights the need to expand the effort to create human 

and non-human primate pan-genome references to support exploration of repeats that define the true 

extent of human variation. Notably, these discoveries and tools can be brought to bear on the 

challenge of establishing breeding programs for critically endangered species across all forms of life 

(111), for which fragmented genomes hamper an understanding of the true population-level genetic 

variability in species with extremely low population sizes. 
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