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Abstract

We are entering into an exciting era of genomics where truly complete, high-quality assemblies of
human chromosomes are available end-to-end, or from ‘telomere-to-telomere’ (T2T). This
technological advance offers a new opportunity to include endogenous human centromeric regions
in high-resolution, sequence-based studies. These emerging reference maps are expected to reveal
a new functional landscape in the human genome, where centromere proteins, transcriptional
regulation, and spatial organization can be examined with base-level resolution across different
stages of development and disease. Such studies will depend on innovative assembly methods of
extremely long tandem repeats (ETRS), or satellite DNAs, paired with the development of new,
orthogonal validation methods to ensure accuracy and completeness. This review reflects the
progress in centromere genomics, credited by recent advancements in long-read sequencing and
assembly methods. In doing so, | will discuss the challenges that remain and the promise for a new
period of scientific discovery for satellite DNA biology and centromere function.
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1. Introduction

Large, multi-megabase sized arrays of tandem repeats, or satellite DNAs, are a common, yet
poorly understood feature of eukaryotic genomes. Genomic regions enriched in satellite
DNA:s are generally known to be associated with pericentromeric constitutive
heterochromatin and span sites involved in kinetochore assembly, or sequences
epigenetically marked as the centromere [1-3]. The underlying genetic and genomic
contribution to centromere identity has been elusive in part due to the phenomenon known as
the “centromere paradox”, where centromere function is conserved over vast evolutionary
time yet the underlying centromeric repeat sequences are rapidly evolving [4,5]. Even in the
absence of an evolutionary conserved centromeric sequence, it is clear that understanding of
the interactions between inner kinetochore proteins and the underlying genome, within and
between species, could shape our understanding of centromere biology [6-8]. Unfortunately,
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centromeric regions have been extremely difficult to study at the base-level due to the
challenge of correctly assembling long arrays of near-identical tandem repeats. As a result,
most centromere-associated satellite arrays and non-satellite DNAs embedded within these
repeat-rich regions remain largely unassembled in the vast majority of sequenced genomes
[5] and detached from genome-wide functional studies that rely on short-read mapping
[9,10]. This disconnect from contemporary genomics has severely limited our ability to
explore and test sequence features (DNA structural conformation or specialized regulatory
mechanisms (e.g. transcriptional, replication, and/or DNA repair-based mechanism)) that
contribute to centromere function. The use of an incomplete genomic map, where only a
small subset of collapsed centromeric sequences are present in the reference assembly,
issues an observational bias. This is equivalent to the streetlight effect [11]; we are
restricting our studies to the small number of sequences we can currently ‘see’ and in doing
so, we are likely ignoring hidden genomic information. Undoubtedly, future access to high-
quality and complete reference maps of centromeric regions will issue a new opportunity to
comprehensively test the role of genome organization and epigenomic regulation, and will
lead to new innovative computational and experimental strategies to dramatically expand
studies of satellite DNA biology.

Our current model of centromere sequence organization has been largely shaped by human
genomic studies [12-15]. Normal human centromeres are defined at the sequence level by
alpha satellite DNA, an AT-rich tandem repeat, or a ~171 bp monomer [16]. Alpha satellite
offers a broad range of sequence diversity at the monomer level [17-19]. Ordered
arrangements of a small number of divergent monomers form a larger repeating unit, known
as a ‘higher-order repeat’ (HOR) [20]. HORs are organized into large, often multi-megabase
sized satellite arrays, with limited nucleotide differences between repeat copies [12,21,22].
One or more HOR arrays, each offering different combinations of ordered divergent
monomers, are found on each chromosome [17,20,23]. These distinct arrays can often be
labeled in a chromosome-specific manner, which has allowed researchers to assign both
short and long reads to a single centromeric region [19,24-26]. Interestingly, not all alpha
satellite sequences associate with kinetochore proteins or are thought to be competent for
centromere function [19]. For example, genomic studies on chromosome 17 (D17Z1 and
D17Z71b) have shown that array length, HOR variant composition, and transcriptional
regulation can contribute to our understanding of why certain centromere HOR arrays are
active while others are defined by pericentromeric heterochromatin [8,27,28]. Cloning of
select HOR array sequences into human artificial chromosomes (HACSs) has been useful to
systematically test alpha satellite sequence competency in centromere establishment and
maintenance [19,29,30]. HAC experimental systems, however, suffer from being extremely
labor-intensive, thus making it impractical to test a comprehensive collection of centromeric
satellite variants. Further, the variability of HAC construct amplification or multimerization
in cells and the potential influx of unexpected, non-satellite DNAs may introduce additional
unknown variables into a study aimed to understand the genomic mechanisms present at the
true endogenous satellite-DNA locus [29,30]. Ultimately, the best way to explore the
genomic contribution would be to perform focused, high-resolution base-level studies within
an endogenous centromere.
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The human haploid sex chromosomes (DXZ1 and DYZ3 on the X and Y chromosome,
respectively) have offered the most high-resolution studies of a human centromeric satellite
array to date [12,13,15,25,31]. Previous studies have reported that arrays can vary in length
by a factor of 10 due to the expansion and contraction repeats (e.g. the DYZ3 array is
observed in the range ~200 kb to ~2 Mb) [25,31]. Although the HORs within a single array
are observed to be highly similar to one another, single nucleotide variants and larger
structural variants due to monomer rearrangement are observed [25,26,32,33]. These ‘repeat
imperfections’, either alone or in combination, are incredibly valuable to assembly efforts as
they offer unique markers to guide the true linear ordering [13,15,34]. Recent linear
assemblies of both DXZ1 [13] and DYZ3 [15] have been released, which credit both
dramatic improvements in long-read technologies and repeat assembly strategies.

Technological gains in single molecule sequencing, both in terms of read length [35] and
base quality [36], matched with improved assembly strategies are releasing assembly
‘predictions’ of entire centromeric regions without targeted effort [13,37] (Table 1).
Evaluations of these emerging assemblies will undoubtedly benefit from decades of previous
research, which have laid the groundwork for sequence structure in each human centromeric
region. For example, the assembled centromeric region of chromosome 7 from the recent
HiCanu assembly provides evidence for two previously characterized HOR arrays, D7Z1
and D772 [37,38] (Fig. 1a and b). The results from previous physical maps, clone-based
studies, and array sizing by pulsed-field gel electrophoresis (PFGE) Southerns are largely
concordant with the observed array sizes, spacing between the arrays, and ordering relative
to the p- and g-arms (Fig. 1b) [38-40]. Further, the assembly supports the presence of
pericentromeric satellites, HSat2B [41], monomeric satellites [40,42] with interspersed
transposable elements [12], and flanking segmental duplications between the HOR arrays
and extending into the centric transitions [43,44] (Fig. 1c). Concordance with these broad
genomic expectations offer the first level of critical evaluation. However, the genomic
community is now charged with the development of new, high-resolution evaluation
strategies to fully assess the assembly completeness and base-level accuracy, as these details
will be critical to guide future functional studies.

Overall, these milestones in centromere assembly mark the beginning of a new genomic
revolution, where the “‘goal post’ for a finished genome is now placed on completing gap-
free, telomere-to-telomere (T2T) chromosome assemblies and release of high-resolution
maps at centromeres. In light of this advance, | aim to review the current progress and
challenges in human centromere repeat assembly. Further, | will provide a brief perspective
on how these new reference maps and emerging genomic technologies are expected to
invigorate the sequence-based studies of centromere biology.

2. Satellite array assembly

Linear assembly of ‘extremely long tandem repeats’, or ETRs [45], relies on having
comprehensive read coverage for a single array, confident variant detection, and adequate
read lengths to ensure that the maximum distance between two informative variants within
the array can be spanned. The necessity for sequence lengths in repeat assembly is supported
by a quote by Rodger Staden (1979), “If the overlap is of sufficient length to distinguish it
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from being a repeat in the sequence the two sequences must be contiguous” [46]. Indeed, the
initial human centromere satellite array assemblies benefitted from high-coverage, ultra-long
(UL) sequence data (/.e. reads that are at least 100 kb in length) [35], which were capable of
spanning large, informative repeat variants (as shown in Fig. 2a) and predicting the linear
ordering of positionally unique array markers. From this initial study of an assembled, multi-
megabase sized centromeric array (DXZ1) [13], small differences that distinguish one repeat
copy from another were identified and the spacing of these events throughout the array.
These unique markers were reported on average every 2.3 kbp in the DXZ1 (with max
spacing of 42 kb) [13], revealing a new collection of ‘mile markers’ to inform assembly of
high-quality mid- and short-read data (Fig. 2a).

Single-molecule technologies offer incredible read lengths (/.e. nanopore sequencing reads
are commonly reported reaching at least 1 Mbp of alignable sequence) [47], however, it
comes at the cost of an increased error rate. Improvement is currently achieved through
increasing read coverage and deriving a high-quality consensus. The success of this strategy
depends on correctly overlapping, or aligning error-prone read sequences containing long-
tracts of repeats. In contrast, high fidelity (HiFi), data from Pacific Biosciences (PacBio)
generated from a circular consensus strategy (CCS), in which DNA is topologically
circularized and sequenced multiple times to create a high-quality consensus for each read
[36]. This new technology is extremely promising for repeat characterization and
centromeric satellite assembly [37,48], yet it may have an upper limit in HiFi consensus
length that may be insufficient to traverse the maximum variant spacing of all ETRs (Fig.
2b). Early estimates suggest that satellite arrays, at least in the effectively haploid complete
hydatidiform mole (CHM13), vary considerably in the spacing of these unique markers. For
example, the single HOR array (D8Z2) on chromosome 8 has maximum spacing between
variants is ~4 kb, when other arrays, like the DXZ1 array on the X chromosome has been
reported to have maximum spacing greater than 40 kb [13]. Therefore, if the spacing of
unique markers (or collection of low-frequency markers) within a given satellite array are
shorter than the length of extremely high-quality reads (or reads where the sequencing error
is so low that it does not confound efforts to identify rare repeat heterogeneity) complete
linear assembly is expected. HiCanu [37], the recent modification of the Canu assembler
[49], performed a series of filtering steps to further improve the quality of Sanger-like reads
(e.g. performing homopolymer compression, overlap-based error correction, and aggressive
false overlap filtering). In doing so, HiCanu generated assemblies that fully spanned nine
centromeric regions (chromosomes 2, 3, 7, 8, 10, 12, 16, 19, 20). Notably, several
centromeric regions remain in fragmented assemblies likely marking sites that lack sufficient
marker density or repeat heterogeneity.

High-quality, or high-fidelity reads that span hundreds of kilobases would offer a clear
advantage for comprehensive satellite assembly genome-wide. Similar to the CCS strategy,
the centromere on the Y chromosome was assembled from high-quality consensus sequence
data using a nanopore ultra-long (100 kb+) reads [15]. In this study, bacterial artificial
chromosomes (BACs) known to span the DY Z3 locus [49] (with insert lengths ~100-300
kb) were sequenced in their entirety many times [15]. Consensus derived from the global
alignments of the full-length BAC inserts results in a high-quality 100 kb + sequence. This
was a useful strategy for the DY Z3 array since it is known to be usually small (~300 kb) [31]
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and could be spanned using a small number of previously characterized BACs [49].
However, dependence on BACs for satellite assembly genome-wide is not ideal since it
relies on the labor-intensive construction of the library and satellite DNA may be prone to
inherent cloning biases.

High-coverage UL data from the CHM13 genome offered a new consensus-based method
broadly similar to the BAC-strategy for DYZ3. Rather than using the BAC vector sequence
to anchor and align the satellite insert sequences, this method identified large perturbations
in the repeat structure (or structural variants (SVs)), which served as unique flanking
sequences to guide the overlap of reads and generate a high-quality consensus [13] (Fig. 2b).
Although this SV-based approach has been useful in guiding the T2T-X DXZ1 array
assembly, the limited number of SVs in the array and the spacing (the maximum distance
between SVs was 493 kbp) severely lowered the coverage and consensus-derived quality in
SV-depleted regions within the array. Emerging ETR automated assembly methods bypass
this limitation by using distinguishing patterns of single nucleotide variants, or the spacing
and organization of low-copy k-mers, from noisy data to resolve repeat structures. For
example, efforts to assemble the tandemly repeated histone array in the Drosophila genome
used a correction heuristic based on artificial neural networks [50]. That is, after reducing
the error rate of long-read data, the corrected clusters of variants can be used to traverse the
assembly graph, thus presenting an automated strategy to explore assemble complex tandem
repeat structures in other eukaryotic genomes. More recently, centroFlye [34], an algorithm
for assembling tandem repeats from long error prone reads, was used to generate the first
automated assembly of a human centromere on the X chromosome [13]. This work builds
from the approach of resolving unbridged repeats (/.e. positions where repeat copies differ
from one another) used in the Flye assembler [51]. The centroFlye pipeline identifies a set of
rare k-mers (by default, short sequences 19 bp) that appear in a database error-prone
nanopore reads data from a single haploid array. Spacing between rare kmers are modeled
using a distance graph, and sets of k-mers with shared distances between reads are used to
distinguish the rare markers, useful for assembly, versus those that likely represent
sequencing errors.

Assemblies from error-prone long-read sequence data require rigorous consensus polishing
to achieve maximum base call accuracy [52]. Critical to the success of this process is the
correct placement of reads to the assembly, which is challenging to do correctly within the
context of large repeat regions with multiple high-scoring mapping locations. Therefore,
efforts to reach a finished, high-quality ETR assembly from UL-nanopore reads require the
development of new ‘repeat-aware’ mapping and polishing approaches. The T2T-X
centromeric array was polished using a marker-assisted mapping strategy. Here, the
placement of all short (21 bp), unique (single-copy) sequences were determined across the
entire 3.1 Mb T2T-X centromeric array. Long-read alignments were generated and then the
top sites were scored and placed in the location maximizing the unique marker matches [13].
Repeat copies in an ETR are nearly identical, and the number of unique markers is expected
to be low and the spacing irregular. Therefore, alignment coverage could drop in regions of
the array with a lower density of unique markers. Indeed, the T2T-X centromeric array had
only 16,163 unique 21-mers across the multi-megabase array. TandemMapper [45] addresses
this challenge, in that it uses locally unique markers (7.e. where a given ETR is subdivided
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into segments and unique markers are defined within each segment), which have the benefit
of being more abundant than unique k-mers. More recently, Winnowmap [53] has been
shown to improve long-read mapping (PacBio and UL-Nanopore reads), by optimizing the
standard minimizer sampling procedure (minimap2 [54]) to improve mapping accuracy
within repeats. Notably, current satellite assemblies from PacBio HiFi data, where the read
data Sanger-like quality (> 99%), are of extremely high quality (QV~50). These assemblies
bypass the need for downstream polishing methods, which is a huge advantage in both
computational run time and avoiding errors due to imprecise mapping [37].

3. Assembly evaluation and validation

Each centromeric satellite assembly strategy results in a “hypothesis’, or a predicted linear
organization with reference to the long-read data and parameters that are defined by each
algorithm. Different assemblers may offer different hypotheses. Orthogonal validation and
evaluation strategies are essential, especially in the early days of centromere genomics.
Sequence-based evaluation methods that are available to detect misassemblies outside of
centromeric regions often rely on direct comparisons with a reference genome or concordant
read mapping [55-58]. These methods are not easily extended to satellite assemblies.
“TandemQUAST’ [45] approaches this challenge by offering several reference-free quality
assessment modules (e.g. indels, coverage, breakpoints, and HOR-structural variation) to
evaluate ETR assemblies at the base-level. Further, ETR assessment using HiFi alignment
coverage has been useful in cross-evaluation of polishing error and marking sites of potential
collapse [13,45].

In addition to computational evaluation methods, there is a critical need to develop new
experimental validation methods to study array structure. Orthogonal experimental
validation methods, such as the comparison with optical map assemblies and/or ordered
BACs by FISH [59], are difficult to extend to centromere satellite assemblies. Notably, the
short nucleotide 6- or 7-bp recognition sites used in generating standard optical maps are
vastly underrepresented in alpha satellites, and as a result, centromeric regions are
commonly omitted. To date, PFGE Southerns offers the only ‘gold standard’ to evaluate the
larger satellite array structure [22,33]. In this method, high molecular weight (HMW) DNA
is digested with one or more restriction enzymes (REs) that are common in the genome, yet
are absent or infrequent in the satellite array. As a result, the majority of the genome is
digested into small fragments, while the satellite array can be retained more or less intact.
The undigested HMW fragments are separated on a PFGE, transferred for Southern blotting,
and labeled using a probe specific to a satellite array. This information can be combined with
other orthogonal methods, like quantitative digital droplet PCR [13] and base coverage in
whole genome sequencing data [25,41], to estimate array HOR copy number. Additionally,
PFGE-Southern experiments are extremely useful for predicting the structural organization
within a given array. That is, one can compare the fragment lengths observed in the PFGE-
Southern against the predicted fragments in the assembled array data [13]. This assay,
however, is difficult to scale to support genome-wide studies, is low-resolution in that it
primarily evaluates larger structural organization and is not effective in studies of arrays
from diploid chromosomes. Array sizing rely on imprecise standards (i.e.
Schizosaccharomyces pombe and Saccharomyces cerevisiae chromosomes). Therefore, each
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sample benefits from the use of a panel of different REs observed to cut infrequently within
an array to fully evaluate sizing concordance. The 3.1 Mb T2T-X centromere assembly has
been cross-evaluated by all existing validation methods [13,34,45] and offers a unique
reference, or benchmark, to launch new genome technologies.

4. New insights in centromere genomics

The T2T-X centromeric satellite array offers a high-quality, structurally validated benchmark
centromere assembly [13,45]. With the release of this linear assembly we can now ask: what
genomic and epigenomic insights have been gained? And how does this work improve from
previous efforts that model repeat variants [25]? Ultimately, how can we use positional
information in the context of the multi-megabase sized array to advance questions in
centromere biology? The T2T centromeric satellite array is defined by 1537 copies of the ~2
kbp higher order repeat (DXZ1) that are ordered in a head-to-tail tandem array in a single
direction [60] (Fig. 3a). The array is interrupted once by a single full-length (6055 bp) L1HS
transposable element, which represents a Long Interspersed Nuclear Elements (LINES)
subfamily that is known to jump autonomously in modern humans [61] (Fig. 3a). From the
perspective of the HOR structure and orientation alone, the DXZ1 array is highly
homogenized, or composed almost entirely by the canonical ~2 kbp (12-mer) HOR (97.9%
1504/1537). Of the 33 identified HOR-SVs, five are represented as single events within the
array. The remaining SVs are largely involved in localized expansions, with a small number
of examples of long-distance shared SV patterns (with distances greater than 2 Mb, as
shown in red for the 1.7 kb 10-mer repeat, Fig. 3a). Mapping the sites of rearrangement
relative to the canonical repeat reveals deletions of varying lengths that span every monomer
within the 12-mer HOR (Fig. 3b). Notably, a subset (~40% of SVs, 13/33; 6-mer, 10-mer,
and 17-mer) are found to delete at least one of the four 17-bp CENP-B binding motif (or
CENP-B box) [62,63]. However, given sparse SV representation within the DXZ1 array it is
possible that such functional deletions of the CENP-B box could have limited overall effect.

Perhaps one of the more surprising findings of the T2T-X centromere assembly was the high
frequency of repeat heterogeneity (smaller, single nucleotide variants that serve as unique
markers within the canonical HOR) [13]. On average, the DXZ1 HOR (12-mers) are near-
identical (99.72%, with an observed range of 95.9-100%). However, these small differences,
or ‘low-frequency’ variants, either alone or in combination, offer unique markers that span
the vast majority of the DXZ1 array. This further supports the finding of unique markers on
average every 2.3 kbp [13], and the successful implementation of the centroFlye pipeline in
assembling DXZ1 [34]. In contrast to these rare base changes that are useful in
distinguishing one HOR copy from all others, there are 37 ‘high-frequency’ base changes
within the HOR (defined as any base change observed above the threshold of 10% of all
HORs in the DXZ1 array) (Fig. 3b). Notably, such high-frequency base changes in the
CENP-B boxes (within the two A-repeats) are observed to interrupt the core recognition
sequence at the 10th position: *TTCG**** [A*CGGG* [64]. These changes are observed
outside of the CpG sites in the motif, which are expected to contribute to methylation-based
regulation of CENP-B binding [65]. Only 53% (827/1537) DXZ1 repeats are observed to
contain all four CENP-B boxes, as defined through the identification of the conserved, nine
functional bases (Fig. 3a,c) [66]. Over a quarter of the DXZ1 array is missing a single active
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CENP-B boxes (407/1537), and 17.5% (269/1537) have two out of the four active boxes
(Fig. 3a,c). Two DXZ1 HORs lack any active CENP-B boxes, and a small fraction (32
HORs, or 2% of the array) have only one active box. Interestingly, the location of these
events appear non-random within the array, where increased CENP-B box loss is observed
in the range of 58.5-59.0 Mb of the T2T-X (v07) assembly. Pairwise comparisons between
the 1537 HOR repeats at the high-frequency variant sites provide evidence for two larger
domains within the DXZ1 array (labeled A and B in Fig. 3c). The similarity block A can be
further divided into two subdomains, of which one is associated with increased loss of
CENP-B active motifs. Further, we detect evidence of HOR similarity between the p-arm
and the g-arm (labeled A’ in Fig. 3c). The larger similarity domain (B) appears to have a
smaller subdomain ~60.5 Mb.

Understanding the marker spacing and underlying genomic structure, with attention to
CENP-B for its noted enhancement in the fidelity of human centromere function
[19,30,67,68], will help inform the genomic interpretation and future epigenetic studies. One
surprising finding in the T2T-X centromeric array was the drop of CpG methylation (59.2—
59.3 Mb, 93 kb) detected in the nanopore signal files that confidently map to the array (Fig.
3a). No notable decreases in CpGs were detected in this region (with 39 CpGs on average
for DXZ1 HORs, STDEV 4.6). The drop in methylation is found in the ‘B’-similarity
domain (Fig. 3c) and overlaps a subset of SVs (10-mer, dark pink and 11-mer, teal in Fig. 3a
and b). Additional studies are needed to test if this region is correlated with centromeric
chromatin [69] and/or sites of satellite transcription [70,71]. Further collections of other
T2T-X assemblies and matched epigenetic profiles across diverse human genomes will
undoubtedly contribute to our understanding of how these findings differ between
individuals, how the X array evolves, and how these genomic features contribute to our
understanding of the influence in chromosomal aneuploidies [68].

5. Remaining challenges

Current assembly and evaluation methods are only applicable when read datasets can be
confidently assigned to a single, haploid array. Even in effectively haploid genomes, like
CHM13 [72,73], there are satellite arrays present on different homologous chromosomes
that are known to be similar to one another at the sequence level. Therefore, the error-prone
long-read data for these arrays are combined together initially and are difficult to fully
phase, or assign specifically to a single chromosomal location. This is a recognized
challenge on the acrocentric chromosomes, for example, where arrays on chromosome 13
are very difficult to distinguish from those on chromosome 21 [74,75]. Additionally, a single
centromeric region can contain the intermixing of arrays that hybridize to the same HOR
sequence, as is the case of the satellite arrays that are shared between chromosomes 4 and 9
[76]. It is also important to consider that satellite DNAs may rearrange or change in copy
number over multiple cell divisions (/.e. either in cell culture and/or in somatic cells as we
age) [77-79]. Subclonal expansion of such events could potentially introduce unexpected
array sequence heterogeneity, which may confound assembly and evaluation efforts that
assume a single version of a haploid array. Fortunately, with the public release of both high
coverage UL nanopore and HiFi data from the CHM13 genome [13,48], it is now possible to
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initiate new phasing and assembly methods in regions known to present challenges to
haploid, or effectively haploid genomes.

New method development and optimization of phasing of similar arrays in CHM13 will be
critical in reaching the ultimate goal of T2T diploid phased assembly. This may become less
of a challenge as reads become much longer (routinely reach lengths 500 kb + or even
megabases) and/or of higher base accuracy. Also the new development of innovative, long-
read sequencing technologies or imaging-based methods that include multi-megabase sized
repeat regions could recast and revolutionize diploid ETR assembly. Such methods, matched
with the ever-improving gains in read length and base-level quality from single molecule
reads, are expected to drive studies closer to the goal of reaching high-quality ETR diploid
assemblies in single cells. Until then, it is very likely that any ambiguity in phasing or even
assembly efforts, can be represented as a graph. In this case, sequences that cannot be fully
phased will be represented as a single cluster, or node, with connecting edges to other
sequence clusters or assembled regions that can be properly phased and assembled. This data
format for satellite DNAs may align with developing ‘pangenomic’ references and benefit
from streamlined alignment and variant detection computational methods and software [80].

6. Future centromere studies

Genetic rearrangement [81,82], epigenetic misregulation [83,84], and aberrant transcription
[77,85-87] of centromeric and heterochromatic satellite DNAs have been shown to
contribute to chromosome instability, aging, and cancers. These specialized satellite array
enriched regions are observed to interact with a wide range of DNA-binding proteins (e.g.
transcription factors) [88-91], have highly regulated transcriptional activity [92], and
spatially-distinct organization in the nucleus that can alter gene activity in ¢isand trans
[93,94]. Further, anomalies the formation and maintenance of constitutive heterochromatin
can affect cell division and differentiation. There is a clear need to study epigenetic
regulation and genome biology across ETRS, however, centromeric regions are currently
omitted from contemporary functional genomic and epigenomic studies (e.g. Refs.
[9,95,96]) due to the paucity of genomic information and inability to confidently map
functional short read data. Modeled diploid arrays in the human reference genome that serve
as short read mapping targets [10,25], have already launched several compelling studies in
centromere biology and function. For example, by establishing centromere protein A
(CENPA) enrichment profiles to all GRCh38 reference models over different stages of the
cell cycle, Nechemia-Arbely et al. was able to demonstrate that DNA replication acts as an
error correction mechanism for the precise reloading of centromeric CENP-A and
maintenance of centromere identity [7]. Similar short read CENP-A mapping to these early
modeled maps has been useful in evaluating DNA sequence variation and aneuploidy, with
special attention to the spacing and regularity of the centromere protein B motif, or CENP-B
box [68]. Indeed, even efforts to explore transcriptional based mechanisms in centromere
and pericentromeric based studies are expected to benefit from array-specific markers
[97,98].

As more centromere assemblies become available it will finally be possible to perform
mapping of functional datasets across satellite arrays. This will enable the first high-
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resolution studies of the epigenetic and transcriptional regulation of human centromeric
regions. Doing so will require careful identification and evaluation of the limited ‘mappable’
sites, or marked regions of known single copy variants within repeat-rich regions. Marking
these regions with low-frequency k-mers has been shown to be useful in correctly mapping
long read data across centromeric arrays [13]. Mapping of long read data also offers a
unique opportunity to explore the signatures of methylated bases, which can be predicted
from both PacBio [99] and Nanopore [100,101] data. Extended functional characterization
of centromeric arrays may require a new toolkit of technologies that benefit from longer
reads. Full length RNA sequencing, either direct RNA or cDNA sequencing, is available
using long-read sequencing [102-106]. Early strategies have been released for chromatin
capture (Hi-C) strategies that involve long-read sequencing on the nanopore platform (Pore-
C) [107]. New innovative long-read methods to predict sites of open chromatin [108,109]
and/or imaging-based methods (for example [110]) may dramatically improve the detection
of protein association to ETRs to improve assessment of cell populations or single cells.

Our understanding of centromere biology will greatly benefit from comparing genomic and
epigenomic profiles between individuals that differ at the genomic level. It is well
understood that satellite sequences that span centromeres are highly variable in length and
repeat structure in the population (reviewed [111]), yet very little is known about the extent
of this variation at the genomic level and how this influences centromere identity [27,68].
Therefore, future studies in the T2T era will need to expand from a single, high resolution
benchmark reference genome(s) to study how these sequences change over time: that is,
between individuals in the population using available both short and long read population
datasets, across multi-generational pedigrees, and exploring inter-cellular variation within a
single individual by employing single cell sequencing data. Novel streamlined, parallelizable
strategies will be needed to expand studies of genomic variation and functional datasets to
cohorts of individuals. Such work may change the way we think about satellite variation and
the risks with aneuploidies, aging and disease. Further, it will open a new door for discovery
with the emergence of synthetic chromosome biology where one might be able to customize
array sequence composition in the future.

Concluding remarks

The release of the first high-quality, base-level maps of human centromeric regions will
undoubtedly set a new standard for how we study centromere biology. With this advance, we
can begin to explore trends in satellite sequence organization and array molecular
mechanisms that influence centromere activity more comprehensively. Gaining access to
centromeric regions is expected to open a new world of scientific discovery, where changes
in epigenetic regulation at centromere regions can be studied through development, cellular
stress, and disease models. Although the focus of this review has been placed on the recent
progress in issuing new benchmarking efforts in the human genome, the emerging genome
technology and innovation is expected to extend broadly to other complex genomes where it
is possible to phase chromosome-assigned satellite sequence data.
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Fig. 1. Genomic organization of human centromeric regions.
(a) The assembled human centromeric regions on chromosome 7 (HiCanu contig:

tig00000794:44788681-50796794) is characterized by RepeatMasker [112] to be defined by
long tracts of composed of alpha satellite DNA (ALR/Alpha; shown in orange) with
interspersed repeats (green) and pericentromeric satellites (blue). (b) Alpha satellite ~171 bp
monomers (shown as white arrows) are organized into a multi-monomeric repeat unit, or
higher order repeat (HOR), with the orientation of the repeats indicated. Chromosome 7 has
two HOR arrays: D7Z2 (16-mer HOR) and D7Z1 (6-mer HOR) [38]. The D7Z1 and D722
array sizes are within the expected range as determined by PFGE Southerns. The D7Z1 has
been previously determined to have CENP-A enrichment (shown in red, live or active array)
and D7Z2 array, shown in grey is typically inactive, or not expected to be bound to CENP-A
[42] The genomic region between the D721 and D7Z2 array (~700 kb) is concordant with
previous physical mapping data for this region [39]. (c) Sequences found flanking HOR
arrays are typically pericentromeric satellites, shown in blue (HSat), segmental duplications,
and monomeric (divergent 171 bp alpha satellite) with interspersed transposable elements.
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Fig. 2. Assembly of extra-long tandem repeats (ETRS).
(a) Long tandem repeats (shown as blue arrows) are flanked by unique sequences (indicated

in green and orange to mark regions upstream and downstream of the repeat array). These
transitions are confidently detected in long-error prone ultra-long reads, and anchoring reads
that can fully traverse the repeat region bypasses the need for assembly. Rather, one can
derive a consensus of the underlying repeat region. Alternatively, short (often single
nucleotide) unique markers within the repeat units are sufficient to distinguish copies of the
repeat and lead to assembly of the array using mid-length reads (here defined as a read that
is less than the length of the array and incapable of spanning these regions completely).
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Assembly using these rare, single nucleotide markers requires extraordinary quality, like
CCS data from PacBio, to minimize overlaps due to sequencing errors. (b) A structural
variant (SV) based assembly strategy shown labels each HOR as canonical (blue), with the
number of uninterrupted canonical repeats (e.g. 16x HOR) indicated. Rearranged HOR
structures, or structural variants (SV) are indicated as colored circles. Focusing on the first
18 repeats to illustrate the repeat heterogeneity in the array that can be used to guide
assemblies of extremely high quality mid-length reads. The challenge is traversing arrays
where the spacing between unique markers is longer than the length of the read (e.g. shown
in read a spacing greater than 20 kb, and indicated as a break in the assembly above in grey
shading). The SV-based assembly method uses the spacing and organization of HOR
rearrangements (colored circles) in array-assigned ultra-long reads. Overlap between SV-
maps in ultra-long read data results in a repeat contigs with improved sequence quality by
consensus.
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Fig. 3. High-resolution genomic study of the CHM 13 T2T DXZ1 centromeric array.
(a) The CHM13 DXZ1 is defined by 3.1 megabases of alpha satellite (shown as orange

band, which is interrupted once with an L1Hs LINE insertion (green, closest to g-arm). The
DXZ1 repeats are orientation from g-arm to p-arm (relative to the published BamHI DXZ1
repeat (GenBank: X02418)), with no shifts in repeat direction [21]. The ~2 kbp canonical
repeat is shown as grey and the position of structural variants, or rearrangements (insertion/
deletions) are noted with color. SVs that have shared repeat structure are connected with a
line, or an arc. DXZ1 canonical HOR have four active CENP-B boxes. Each HOR in the
array was colored based on the number of active CENP-B boxes: light grey (4/4), teal (3/4),
blue (2/4), purple (1/4), and dark purple (0/4). HORs with less than two active CENP-B
boxes are < 3% of the array and cannot be detected by eye at the resolution of the entire
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array. The plot of methylation data (obtained from nanopolish [100] from nanopore
alignment and signal data) demonstrates a drop in methylation in the middle of the array. (b)
Repeat variation patterns relative to the canonical 12-mer HOR, with blue circles mapping
the sites of CENP-B boxes. SV HOR structures are colored to match the SV annotation in
panel (a). Dashed lines mark sites of deletion. The LIHS/LINE element insertion is indicated
as an inserted orange bar. Event numbers reference the occurence of each SV in the CHM13
DXZ1 array. A consensus sequence was derived from the 1537 HORs. Pairwise alignments
with each HOR with the derived consensus was used to generate a database of nucleotide
differences and positions. The low-frequency variants (< 10% of the array) are shown in
black. Light blue is used to show data in regions that span the 17-bp CENP-B box. Stars
over the CENP-B boxes in the two A repeats indicate that the variant is high-frequency
(greater than 10% of the HORSs) and modifies one of the 9 conserved, functional bases in the
motif. Red peaks show the remaining 35 high-frequency (37 total with two peaks in the
CENP-B boxes) sites, or regions that differ from the consensus sequence in more than 10%
of the HOR repeats. (c) Pairwise identity between the ordered 1537 HORs in the 37 high-
frequency variant positions is shown (using heatmap function in R), large similarity domains
are defined manually into two groups: A/A’ and B. The SV-annotation and CENP-B status
data are positioned on either side of the matrix for genomic context. The array similarity
matrix data is reverse complemented to the array in (a) to match the orientation of the
canonical published repeat.
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