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Abstract

The classical human satellite DNAs, also referred to as human satellites 1, 2 and 3 (HSatl, HSat2,
HSat3, or collectively HSat1-3), occur on most human chromosomes as large, pericentromeric
tandem repeat arrays, which together constitute roughly 3% of the human genome (100 megabases,
on average). Even though HSat1-3 were among the first human DNA sequences to be isolated and
characterized at the dawn of molecular biology, they have remained almost entirely missing from
the human genome reference assembly for 20 years, hindering studies of their sequence,
regulation, and potential structural roles in the nucleus. Recently, the Telomere-to-Telomere
Consortium produced the first truly complete assembly of a human genome, paving the way for
new studies of HSat1-3 with modern genomic tools. This review provides an account of the history
and current understanding of HSat1-3, with a view towards future studies of their evolution and
roles in health and disease.

Keywords: satellite DNA, repetitive DNA, tandem repeats, classical human satellites, HSATI,
HSATII, HSATIII, HSatl, HSat2, HSat3

1. Introduction

Satellite DNA refers to long arrays of tandemly repeated sequences that make up a major
component of many eukaryotic genomes. Within each satellite repeat array, nearly identical DNA
sequences are repeated head-to-tail, over and over, often encompassing millions of base pairs. In
humans, satellite DNA represents 5-10% of the genome [1-3], found primarily at all centromeres
and pericentromeric regions, along the short arms of the acrocentric chromosomes (chromosomes
13, 14, 15, 21, and 22), and on the long arm of the Y chromosome. These satellite-rich, gene-poor
regions are typically organized into a chromatin compartment referred to as constitutive
heterochromatin [4], which is characteristically more condensed than euchromatic regions in
interphase [5]. Satellite DNA arrays can be classified into distinct families based on both their
sequence composition, which is often AT-rich overall, and on their characteristic repeat unit
lengths, which range from several bases to kilobases. In the human genome, the largest satellite
family by total size is alpha satellite DNA (aSat), which encompasses every centromere and plays
a key role in centromere function [6,7]. The next largest families by total size, which constitute
the largest individual satellite arrays in the genome, are referred to collectively as the classical
human satellites, or more specifically as human satellites 1, 2, and 3 (HSat1-3) [8].
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Despite the fact that the classical human satellites were among the first human DNA sequences to
be biochemically characterized and isolated from the rest of the nuclear genome [9,10] they remain
poorly understood, in part because satellite DNA arrays were intractable to early genome
sequencing and assembly methods [11]. This intractability stems from the fact that DNA
sequencing technologies can only determine the sequence of relatively small fragments of DNA.
To assemble a whole genome from these small fragments, assembly algorithms must identify
unique overlaps between sequencing reads and stitch them together. This approach works well in
regions of the genome containing mostly unique sequences, but it often fails in regions where the
same DNA sequence is found repeated over and over, especially when the distance between unique
sequences is much larger than the sequencing read length. The sequencing technologies available
to the Human Genome Project produced fairly short sequencing reads (~1 kb). This made the
problem of assembling satellite-rich regions so insurmountable that they were excluded from the
final reference sequence, despite the fact that many satellite-rich regions were known to have
important functions. As a result, HSat1-3 and other satellite DNAs have been largely left behind
in the genomics era.

Recently, new long-read DNA sequencing and assembly methods enabled the Telomere-to-
Telomere (T2T) Consortium to assemble across all satellite DNA arrays in a human genome for
the first time [3,12]. This complete reference sequence, along with new long-read approaches for
studying epigenetic regulation [ 13—16], have now opened up HSat1-3 to new discoveries regarding
their function, variation, and evolution. To help facilitate these future studies, here, I provide a
comprehensive survey of our current understanding of the large and mysterious classical human
satellites, HSat1-3.

2. Discovery and initial characterization of the classical human satellites

2.1 Early separation techniques isolate a highly repetitive fraction of human DNA

The term “satellite DNA” originates from early biochemical experiments in which genomic DNA
preparations were separated by their base composition using cesium density gradient
ultracentrifugation approaches [17-19] (Figure 1a). The concentration of DNA along the cesium
gradient could be measured optically, and typically the genetic material would appear as a
unimodal, contiguous band of a characteristic density for each species, depending on its overall
A/T vs G/C base composition [19]. However, in 1961 Saul Kit discovered that mouse and guinea
pig DNA formed a second, smaller, “satellite” DNA band outside the major DNA band [18]
(footnote 1), and a similar, AT-rich satellite DNA band was later discovered in humans [9]. Further
methodological advances achieved finer resolution of DNA fractions by base composition,
revealing the presence of additional satellite DNA bands in humans, which were labeled as human
satellite fractions I-1II [9,10,20] (Figure 1; footnote 2). Careful renaturation experiments revealed
that DNA isolated from the satellite fraction re-annealed much more quickly after denaturation
compared to DNA isolated from the main genomic fraction, consistent with the satellite fraction
being composed primarily of repetitive DNA sequences [10,20-23]. Satellite DNAs were found
to be enriched in heterochromatic fractions of DNA obtained by centrifugation of chromatin [4,10],
and in situ hybridization experiments revealed that satellite DNAs are enriched in pericentromeric
heterochromatin [24-27], with the largest blocks in humans found on chromosomes 1, 9, 16, and
Y [24,28-33].
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Figure 1. The origins of the classical human satellites. a) A schematic depicts early experiments
in which high-molecular-weight human genomic DNA was fractionated by ultracentrifugation in
cesium gradients. Three robust “satellite” fractions (I, II, and III) could be separated from the main
genomic fraction, each of which contained mixtures of repetitive DNA sequences with different
average sequence compositions relative to the bulk of the genome. The predominant components
of each satellite fraction, dubbed human satellites 1-3 (HSat1-3), were later mapped by in situ
hybridization, and fragments were cloned and sequenced. Below each satellite name is a
description of its general sequence characteristics and major chromosomal localizations
(chromosomes containing >1 Mb of that satellite). b) Ideograms of all human chromosomes in
T2T-CHM13v2.0 showing the overall distribution of HSat1-3 across the genome. The schematic
on the left illustrates the nested tandem repeat structure typical of HSat1-3 arrays. To the right of
each ideogram are two tracks with rectangles representing the span of each HSat1-3 array (arrays
smaller than 10 kb are not shown), colored by the family they represent. The left track shows
regions where the canonical repeat orientation is found on the minus strand, while the right track
shows those found on the plus strand. Arrays with inversions have representation on both strands.
Plot was generated with karyoploteR [164].



2.2 Molecular biology techniques identify new classes of tandem repeats

Compared to the non-repetitive components of the genome, the abundance and repetitive nature of
satellite DNA made it easier to study with early molecular biology methods like degradation-based
DNA sequencing, Southern blotting, and in situ hybridization [25,26,34-36]. Research into
satellite DNA benefited immensely from the advent of analytical methods using restriction enzyme
digestion followed by electrophoretic separation of DNA fragments by size [7,35,37-39]. In
tandem repeats, restriction sites (typically 4-6 bp) often occur only once within each repeat unit,
so restriction enzyme digestion will tend to release DNA fragments with lengths equal to the
periodicity of the repeat, or its multiples (e.g. when repeat copies carry mutations in the restriction
site) [35]. Alternatively, a particular restriction site may occur frequently throughout the genome,
but never within a particular satellite array, making it possible to determine total array sizes by
pulsed-field gel electrophoresis and Southern blotting [40,41]. In non-repetitive regions, restriction
fragment lengths are expected to follow a fairly continuous exponential distribution. By separating
and quantifying digested DNA fragments by size, one can observe discrete bands that correspond
to tandem repeats and are distinguishable from the continuous smears formed by non-repetitive
DNA [39]. With these approaches, the sizes of some of the major repeating units in each satellite
fraction could be determined [8,38,42—48], and early work by Howard J. Cooke demonstrated that
different repeating units could be found on different chromosomes [38,45,48,49].

Furthermore, restriction digest methods enabled the discovery of new classes of tandemly repeated
sequences that could not be separated from the main genomic fraction on cesium density gradients.
For example, aSat DNA was not separable from the main genomic fraction but was detected by
Laura Manuelidis using restriction enzyme digestion [7]. Although these newly discovered
repetitive sequences did not belong to true satellite DNA fractions, they were eventually also
referred to as satellite DNA, broadening the definition of the term to include any short tandem
repeats occurring in long arrays [50,51]. The sequences in satellite fractions I-11I are often referred
to as the classical human satellites, to distinguish them from later waves of satellite repeat
discovery [51].

2.3 Individual repeat classes are cloned and sequenced

Recombinant DNA and more efficient sequencing technologies [52,53] enabled the discovery of
new satellite repeats. Molecular cloning allowed for the isolation and amplification of individual
DNA fragments from the complex mixtures of sequences comprising satellite fractions I-III. These
fragments were then characterized by analytical digestion, Southern blotting, Sanger sequencing,
and in situ hybridization. Foundational work by Jane Prosser and Marianne Frommer, then in the
lab of Paul C. Vincent, uncovered the major sequence components of satellite fractions I-III
[8,43,44] (Figure 1). They revealed that satellite I, the most AT-rich fraction of the genome, could
be subdivided into two unrelated sequence families: a simple 42 bp tandem repeat [8], and a 2.5
kb repeat found predominantly on the Y chromosome [38,43,48]. Satellite fractions II and I1I were
both found to be derived predominantly from a tandem repeat of the pentamer “CATTC,” although
satellite II sequences appeared to be older and more diverged [8,44]. Because satellite fractions
are complex mixtures that can differ by preparation, Prosser et al. suggested naming the specific
repetitive DNA families within each satellite fraction using Arabic numerals, while the satellite
fractions themselves would retain Roman numerals. For example, human satellite 3 refers to the
repeat family that constitutes the majority of human satellite fraction I1I [8]. I honor this convention
here and propose that the disparate naming schemes in the literature be unified moving forward.



Human satellites 1-3 can be abbreviated as HSat1-3, and the two components of HSatl can be
distinguished as HSat1 A (the 42-bp simple repeat) and HSat1B (the 2.5 kb repeat predominantly
on chrY) [3].

2.4 Satellite DNAs are broadly mapped across the genome

Later fluorescence in situ hybridization (FISH) experiments with DNA oligonucleotides revealed
that the 42 bp HSat1 A repeat is predominantly found near the centromeres of chromosomes 3 and
4 and on the long arm of chromosome 13 [30,54]. HSat2 probes hybridized primarily to
chromosomes 1 and 16, with smaller domains on chromosomes 2, 7, 10, 15, 17, and 22 [31]. HSat3
probes hybridized primarily to chromosome 9, with smaller domains on chromosomes 1, 5, 10, 17,
20, and the acrocentrics (13, 14, 15, 21, 22) [31]. Other studies established that a 3.6 kb HSat3
repeat, along with the 2.5 kb HSat1B repeat, comprised the majority of the Y chromosome, on the
q arm, where they are interspersed in large blocks [38,48,49,55-59]. Additional studies isolated
clones of HSat2 and HSat3 that hybridized to individual chromosomes or subsets of chromosomes
[45,47,60-71]. Classical satellite DNA probes were sometimes used as chromosome-specific
markers in FISH studies, given the ease of labeling and visualizing large satellite DNA arrays [72].

Prior to the Human Genome Project, this remained the state of our understanding of the classical
human satellites. Their approximate locations in the genome were known at metaphase-
chromosome-scale resolution, and a few dozen clones were sequenced as representatives of their
respective arrays. Most human satellite DNA research shifted to alpha satellite DNA once it was
determined to be associated with centromere function, while the potential functions of the classical
satellites remained poorly understood.

3. HSat1-3 in the Genomics Era

3.1 Satellite DNAs are excluded from the Human Genome Project

The repetitive, heterochromatic regions of the genome posed an intractable problem for the Human
Genome Project [73] and for Celera Genomics’ separate efforts to assemble the human genome
[74]. The Human Genome Project decided to use a hierarchical sequencing approach, in which
large genomic fragments were cloned and physically mapped along each chromosome. Each
fragment was then sheared, Sanger sequenced, and assembled from sequencing reads roughly 1 kb
in length. The repetitive nature of satellite DNA caused several problems for this approach: 1)
large repetitive regions often could not be cloned efficiently or would undergo structural
rearrangements; 2) repetitive DNA clones could not be physically mapped with the same precision
as unique DNA clones, because, for example, their FISH probes would hybridize to multiple loci;
and 3) it remained challenging to assemble repetitive DNA from short sequencing reads even
within a single cloned genomic fragment, as near-identical repeat units often exceeded the read
length [11]. Although Celera genomics used a different, Whole Genome Shotgun (WGS)
sequencing approach, they still relied on cloning of individual DNA fragments and thus were also
potentially susceptible to issues with repetitive DNA amplification. Furthermore, WGS
approaches faced the even more difficult task of assembling repetitive regions from sequenced
fragments across the entire genome. Thus, neither human genome sequencing effort, nor any that
followed for 20 years, succeeded in assembling across large HSat1-3 arrays in the human genome,
leaving their approximate locations in the genome assembly as enormous gaps filled with
placeholder “N” characters.



3.2 Small amounts of partially assembled satellite DNA are characterized

Occasionally, the human genome assembly would include the very edge of a classical satellite
array adjacent to a large gap, and some limited information could be gleaned from these sequences
[75,76] (footnote 3). Whole-genome shotgun assemblies would often produce partial, unmapped,
scaffold assemblies of subregions of satellite arrays [77]. These unmapped scaffolds could
sometimes be mapped to specific chromosomes using chromosome-specific sequencing libraries
[75], and those that contained unique marker sequences could often be mapped to specific loci
using 3D contact information [78] or a clever approach based on genetic information from
individuals with recently admixed ancestry [79]. More focused approaches identified additional
HSat2 and HSat3 arrays on individual chromosomes [80-83]. However, these approaches still
failed to represent the classical human satellites comprehensively.

3.3 HSatl-3 fragments are studied comprehensively using unassembled reads

To address this, in a 2014 study, we developed an alignment-free approach for characterizing all
of the HSat2 and HSat3 sequences from a single individual’s raw WGS reads [75]. To do so, we
converted the sequence of each ~1 kb long HSat2 or HSat3 read in the HuRef genome [77] into a
vector of frequencies of every possible 5-mer. Then, by also leveraging paired-read information,
we iteratively clustered these read vectors based on their sequence composition and physical
proximity, which allowed us to identify broad sequence subfamilies. This approach yielded 11
HSat3 and 3 HSat2 subfamilies, which were then localized to chromosomes using published
sequencing data from flow-sorted chromosomes. Subfamilies were named alphanumerically, as
HSat2A1-2, HSat2B, HSat3A1-6, and HSat3B1-5. Using these subfamily clusters, we could
identify 24-bp sequences that were represented frequently and specifically within each subfamily,
yielding a ‘pseudoreference’ that could be used to identify these satellite DNA sequences even
within shorter next-generation sequencing reads [75]. This served as the most comprehensive
inventory of HSat2 and HSat3 sequences at the time, although it was also subject to the potential
amplification biases used in generating the HuRef clone libraries.

3.4 All HSat1-3 arrays are completely assembled in a human genome

In 2021, the Telomere-to-Telomere (T2T) Consortium released the first complete assembly of a
human genome, including all autosomal HSatl-3 arrays [3,12]. This genome originated from
CHM13, a diploid cell line derived from a hydatidiform mole, which contains two copies of the
paternal haplotype, making it homozygous essentially everywhere and eliminating the challenge
of haplotype phasing when assembling the most repetitive regions of the genome. Impressively,
this effort fully spanned the largest satellite arrays of any kind in the genome: a 27.6 Mb HSat3
array on chr9, a 13.2 Mb HSat2 array on chrl, a 12.7 Mb HSat2 array on chrl6, a 7.5 Mb HSat3
array on chrl5, and a 5 Mb HSatl A array on chr13 (Table 1; for reference, the largest aSat array
in the genome is 4.8 Mb, on chrl8). This represents an enormous improvement over the hg38
reference assembly; the total amount of HSat2 on the chromosomes increased from 0.87 Mb in
hg38 to 28.7 Mb in T2T-CHM13, while the total amount of HSat3 increased from 0.14 Mb to 47.7
Mb. The Y chromosome is not present in the CHM13 cell line, although a T2T assembly of chrY
from a diploid cell line, HG002, has now been released, which includes 21.7 Mb of HSat3 and
14.2 Mb of HSat1B (Figure 1b, Table 1).



Table 1. Properties of the largest HSat1-3 arrays. For all 16 distinct HSat1-3 arrays that are
larger than 500 kb, a list of their coordinates (in T2T-CHM13v2.0), lengths, families, subfamilies
from [75], number of inversion breakpoints in the array, repeat unit lengths detected by NTRprism
[3], ratio of the array length to the number of unique 24-mers in the array (“24-mer Fold
Compression”, a measure of repetitiveness), and unique array index (format: chr family number).
Note: for the large array on chr9, no predominant repeat period larger than the ancestral 5 bp repeat
was detected by NTRprism. A complete version of this table including smaller arrays, along with
repeat consensus sequences, are available at github.com/Altemose/HSatReview.

24-
Len Su | Inv. NTRprism mer
Chr Start End th‘(J Family | bfa | Bre | Repeat Ur?it Lengths Fold Array
(Mb) (Mb) Com Index
(Mb) m. | aks (bp)
pres
sion
chr1 129.03 | 129.64 | 0.62 | HSat2 A1 |0 1407, 2729, 1322 117211 2 8
chr1 129.64 | 142.17 | 12.53 | HSat2 A2 |0 1776, 1308 9395129
chr2 90.99 91.61 0.62 | HSat2 B 1 6571, 4671 6.78 |22 4
chr3 92.90 95.37 246 | HSat1A | - 0 378, 751,42 39.39 |3 1A 2
chr4 50.43 52.12 1.68 | HSat1A | - 0 42 36.20 | 4 1A 2
chr9 49.06 76.69 27.64 | HSat3 B5 | 237 | (5) 4167 |9 3 3
chr13 | 0.07 4.97 491 | HSat1A |- 4 378, 42 26.45 | 13 1A 1
chr13 | 13.94 15.55 1.61 | HSat1A | - 0 3013, 6330, 42, 3474 44.46 | 13 1A 3
chr15 | 6.36 13.91 7.55 | HSat3 A5 |0 1794 65.42 | 15 3 12
chr16 | 39.52 52.22 12.70 | HSat2 B 2 6112, 3194 56.96 | 16 2 10
chr20 | 32.02 32.89 0.87 | HSat3 B3 |0 6905 599 12032
chr21 | 1.24 1.95 0.71 | HSat1A | - 0 378, 751,42 14.64 | 21 1A 1
chr22 | 2.62 3.50 0.89 | HSat1A | - 0 378, 751,42 15.32 | 22 1A 1
chrY 11.71 12.66 0.94 | HSat3 A3 |0 1373, 5540, 3811 438 |Y 34
chrY 27.81 62.00 20.01 | HSat3 A6 | 4 3554, 2758 7425|Y 3 6
chrY 28.66 62.03 14.21 | HSat1B | - 4 2420 56.70 | Y 1B 1

We identified the subfamily components of each HSat2 and HSat3 array in this new reference and
compared their localization with previous predictions [3] (Table 1). The assembly confirmed the
chromosomal assignments predicted previously in [75] and identified several novel arrays beyond
the resolution of previous methods. For example, we identified that the B1 subfamily of HSat3
was contained almost entirely in a previously undescribed array on chrl7. Furthermore, the
assembly confirmed that HSat2 subfamilies A1 and A2 represent distinct subdomains within the
HSat2 array on chrl, revealing that 2A1 is the smaller and more centromere-proximal of the two
but shares a boundary with 2A2. We could also compare the sequence relationships between
different arrays using an alignment-free, k-mer based approach (Figure 2, [3,75]). This can reveal
which arrays have the most closely related sequences, consistent with recent duplication and/or
homogenization of the arrays, as well as which arrays are the most distinct (e.g. the large HSat3A6
array on chrY, Figure 2).
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Figure 2. Annotation of HSat1-3 in a complete T2T genome assembly. Circos plots show the
proportion of 24-mers shared between HSatl1-3 arrays of the same family. The outer track depicts
the size and coordinates of each array, and for HSat2 and HSat3, arrays are colored by subfamily
assignment. Only arrays larger than 10 kb are shown for HSatl A, HSat1B, and HSat2, and only
arrays larger than 100 kb are shown for HSat3. The lines connecting the arrays are scaled and
colored according to the proportion of exact 24-mer sequence matches between the arrays, serving
as an overall estimate of sequence similarity (no line is drawn below a fixed threshold of 0.1 for
HSatlA and HSatlB, and 0.25 for HSat2 and HSat3). Specifically, for two arrays A and B for
which A is longer than B, this represents the proportion of all 24 bp substrings in B that can each
be matched exactly with a 24 bp substring in A (e.g. if a particular 24-mer is present 5 times in A
and 4 times in B, both the numerator and denominator of the proportion would be incremented by
4). Plots were generated with circlize [165]. Source data for this plot are provided at
github.com/altemose/HSatReview
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The CHM13 assembly also revealed unexpected structural phenomena involving HSat1-3. For
example, the active, centromere-containing aSat arrays on chromosomes 3 and 4 are interrupted
by large HSat1A arrays (1.7 and 2.7 Mb, respectively [3]). Furthermore, the large HSat3B5 array
on chr9 contains 237 inversion breakpoints, a phenomenon never previously described for this
array or any other HSat1-3 arrays (Figure 1b, [3]). It remains unknown whether this highly inverted
array organization is fixed or polymorphic, whether it arose incrementally or by a mechanism like
chromothripsis, or whether these inversions play any sort of functional role, such as in further
suppressing recombination in this region. The successful assembly of large HSat1-3 arrays also
enabled analyses not possible with unassembled sequencing reads, such as examining long-range
differences in sequence homogeneity across entire arrays (discussed further in section 4).
Furthermore, we could examine repeat periodicity and its variation across arrays. To do so, we
developed an algorithm, Nested Tandem Repeat Prism (NTRprism), which can uncover repeat
periodicities in long tandem repeat arrays ([3], footnote 4). For example, NTRprism uncovered
different repeat periodicities in the adjacent HSat2A1 (1.4 kb) and HSat2A2 (1.8 kb) arrays on
chrl, and it revealed different periodicities in different subregions of the HSat3 array on chr20 [3].

Although the CHM13 assembly sequence only represents one human haplotype, it provides an
important point of reference against which one can compare reads and assembly scaffolds from
other genomes, shining light on the diversity and evolution of these newly added satellite DNA
sequences. This reference also provides an atlas to guide future studies of the regulation and
function of HSatl-3 arrays using modern tools, allowing researchers to revisit and test old
hypotheses about the roles of HSat1-3 in healthy and diseased cells.

4. Evolution and variation of HSat1-3

4.1 Satellite array size polymorphisms are observed by comparing karyotypes

Before the discovery of satellite DNA, it was known from studies of banding patterns on human
karyotypes that large heterochromatic blocks could differ enormously between individuals, and
even between the homologous chromosomes in one individual [24,84]. These effects could be so
dramatic as to visibly change the size of entire chromosomes, such as the Y chromosome [85-90].
Once satellite DNA was associated with heterochromatin, it became clear that something about
the evolution of satellite DNA must explain these enormous size polymorphisms [55,84,91].
Because large heteromorphisms in HSat1-3 arrays were frequently present in individuals without
congenital diseases or other health issues [55,56,68,89,92-95], and because HSatl-3 are not
universally present on every chromosome, it was often believed that these satellites likely do not
play an essential function in the cell, such as guiding centromere function [24]. The high degree
of polymorphism also suggested a high rate of structural rearrangements in these regions, which
could not be explained by the same molecular mechanisms responsible for variation in the rest of
the genome.

4.2 Unequal crossover is hypothesized to explain array size polymorphisms

The favored hypothesis for how human satellite DNA arrays evolve, which was suggested by Ann
P. Craig-Homes and Margery W. Shaw in 1971, became evolution by unequal crossover [84,92,96]
(Figure 3a). That is, when a double-strand break occurs during the S or G2 phases of the cell cycle,
the predominant mode of repair is homologous recombination (HR) from the sister chromatid.



This process involves a homology search step in which a short stretch of DNA adjacent to the
break must find an exact sequence match along the sister chromatid. Once found, the repair process
often results in a crossover, in which the two distal chromosome arms are exchanged near the break
site. In repetitive DNA, the cell runs into the same problem as genome mapping or assembly
algorithms: during homology search, the short stretch of break-adjacent DNA can encounter many
exact sequence matches, and the correct homologous stretch cannot be determined. As a result,
sometimes the crossover occurs between the break site and a site at a different position within the
sister chromatid’s satellite array, producing two recombinant chromatids of different lengths: one
long, and one short (Figure 3a). If unequal crossover events occur in the germline, these expanded
or contracted arrays can be passed on to offspring. Occasionally ectopic crossovers can occur
between classical human satellite arrays on different chromosomes, yielding translocations that
can cause congenital diseases or contribute to cancer [70,83,97-99].

Additional support for the unequal crossover hypothesis stemmed from theoretical predictions and
experimental observations of tandem ribosomal gene arrays in yeast [91,100—104]. Mitotic, rather
than meiotic, crossover is the favored mechanism because crossovers are known to be suppressed
in heterochromatin during meiotic recombination [92,105]. As an alternative to crossovers, sites
of HR can resolve as gene conversions, in which the sister chromatid is used as a template for
synthesis without an exchange of chromosome arms. This may contribute to the homogenization
of satellite arrays both within and between chromosomes, a phenomenon referred to as concerted
evolution by molecular drive ([106] and reviewed by [107]). Alternative proposed satellite
expansion/contraction mechanisms involve RNA-derived intermediates [108], rolling circle
amplification and re-integration [109], or break-induced replication at stalled replication forks
[110,111].

4.3 High rates of structural rearrangements are observed in satellite arrays

By comparing restriction digest patterns between father/son pairs, one study measured the rate of
detectable mutations in the heterochromatic long arm of the Y chromosome, which is composed
primarily of interspersed HSatlB and HSat3A6 arrays. They found at least one structural
rearrangement per 40 Mb per meiosis, which is one of the highest mutation rates ever reported in
the genome [59,112]. A comparison of HSat3A6 array size estimates on chrY from short-read
WGS sequencing data across 396 individuals found a large range of size variation, from 7 Mb to
98 Mb [75]. Similarly, estimates of the total amount of HSat2 and HSat3 in the genome varied
widely across hundreds of individuals (1-7% of the genome, combined; 2.1% median, compared
to 2.5% in CHM13) [1]. Unexpectedly, chrl in CHM13 lacked the predicted HSat3B2 subfamily,
prompting us to investigate this centromere in partial assemblies from 16 diploid individuals (32
haplotypes, 27 of which were sufficiently assembled in this region of the genome), revealing that
a ~400 kb HSat3B2 array was variably present in the pericentromeric region of chrl (deleted in
29% of ascertainable haplotypes) [3]. This is similar to an HSat3 array previously shown to have
variable presence on chr14 in different individuals [68].
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Figure 3. Mechanisms driving the evolution of HSatl-3. a) A schematic illustrating the
expansion and contraction of tandem repeat arrays by an unequal non-meiotic crossover
mechanism. b) An illustration of the repeat structure within the large HSat2 arrays near the
centromere of chrl. Below is a StainedGlass plot [113] illustrating the percent identity of pairwise
sequence alignments across the array, for which each pixel represents 40 kb. Tandemly arranged
arrows illustrate the repeat unit length (arrow length) and homogeneity (arrow color). Generally,
the peripheral sequences are more diverged, and labels highlight multiple internal regions of recent
expansion and/or homogenization of repeats with the same periodicity. ¢) As in b, but for a ~250
kb HSat3B1 array on chrl7 (each StainedGlass pixel represents 5 kb). In this array, different
subregions are homogenizing independently and taking on different periodicities.
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4.4 Substructure within complete array assemblies reveals local expansion hotspots

To better understand how individual arrays evolve, we examined multiple different HSat2 and
HSat3 arrays across the genome using tools like StainedGlass [113] and NTRprism [3] (Figure 3b-
c¢). Most arrays do show higher divergence levels at the fringes, as predicted by theory for unequal
crossover mechanisms [100]. Interestingly, one can often observe multiple pockets of high
homogeneity within each array, indicative of recent sequence expansions or conversions. In the
large HSat2A2 array on chrl, nearly the entire array shares the same 1.8 kb periodicity (Figure
3b). However, in a 900 kb HSat3B3 array on chr20, we observed evidence for recent sequence
expansion/homogenization in at least four distinct subregions, each with a different repeat
periodicity, suggesting hyper-local and independent evolution of different regions within the array
[3]. A similar pattern is observed for the HSat3B1 array on chrl7 (Figure 3c). These patterns differ
from active aSat arrays, which generally tend to have a single region of recent expansion that is
frequently coincident with the centromere [3].

4.5 Inter-species comparisons of HSat1-3 reveal older and newer subfamilies

Comparisons between the genomes of humans and other primates have shed some light on the
longer-term evolution of the classical human satellites. Southern blots and in situ hybridization of
probes made from satellite fractions I-III found evidence for their presence in the genomes of
chimpanzees, orangutans, and gorillas [114—-116]. Satellite fraction III also hybridized with New
World monkey DNA [116], but given the impurity of early satellite fractions it is difficult to know
if this would be true for purer HSat3 repeats. Southern blots identified HSat1B tandem repeats in
gorilla DNA but not in chimp or gibbons [48], consistent with a loss of most chrY g-arm
heterochromatin in chimpanzees [117]. One study found that probes that are specific to the large
HSat3BS5 array on chr9 hybridize to multiple pericentromeric regions in gorilla metaphase spreads
[118]. Another study showed using PCR and in situ hybridization that individual clones from
HSat3A4 arrays on the human acrocentric chromosomes are present in chimps, gorillas, bonobos,
orangutangs, and gibbons, which indicates that they appeared in a common ancestor 16-23 million
years ago [119]. Some of these HSat3A4 clones were shared only between humans and
chimpanzees, consistent with them having appeared less than 5 million years ago [119]. Other
clones (corresponding to subfamilies HSat3 subfamilies A1, A2, and 3B2) appeared to be specific
to humans [119]. Finally, a comparison of sequencing reads from multiple technologies found
evidence for tandem CATTC repeats, which are characteristic of HSat2 and HSat3, in
chimpanzees, bonobos, gorillas, and orangutans, with very different abundances in each species
[120]. The prospect of telomere-to-telomere assemblies across many primate lineages will open
up opportunities to more comprehensively study the evolution of the classical human satellites,
resolving the incomplete picture left by prior methods.

5. Epigenomic and functional studies of HSat1-3

5.1 Pericentromeric satellites are hypothesized to play structural roles

Although some researchers hypothesized that human satellites 2 and 3 may play a role in
centromere function [121], the fact that these sequences are not present on every chromosome
disfavored them as the likely centromeric sequences [24], and later analyses more definitively
established aSat as the centromeric satellite [122]. Researchers initially hypothesized that
pericentromeric satellite DNAs might play a structural role in the nucleus by providing a platform
for the formation of constitutive heterochromatin, which can locally alter gene expression, meiotic
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recombination, and nuclear architecture [123]. This hypothesis is still favored, bolstered by recent
work in model organisms proposing that pericentromeric satellites function to recruit satellite-
binding proteins that establish inter-chromosomal links, which organize chromocenters in the
nucleus and prevent chromosomes from drifting away [124,125]. The classical human satellites
may play a similar role in the human genome.

5.2 DNA methylation influences satellite DNA organization and regulation

Blocks of constitutive heterochromatin formed by the classical human satellites were shown to
contain high levels of 5-methylcytosine by electron microscopy [126] (Figure 4). This was recently
confirmed in a human lymphocyte cell line using long-read sequencing, which also found that
methylation patterns were periodic in some of the HSat arrays, generally following the satellite
sequence periodicity [15]. In contrast, the CHM13 cell line, which resembles early embryonic
cells, shows greatly reduced, though still periodic, methylation in these regions [15]. Adding drugs
that inhibit DNA methylation results in decondensation of pericentromeric heterochromatin in
human cells [127], along with chromosomal rearrangements [128,129] and chromosomal
segregation errors that result in the formation of micronuclei [130] (Figure 4). Senescent cells and
other cells with natural hypomethylation similarly show satellite DNA decondensation [130-132]
along with segregation errors [130,133] and chromosomal rearrangements [ 134], suggesting a role
for satellite DNA misregulation in aging (Figure 4). The new T2T-CHM13 assembly, along with
long-read methods for interrogating DNA methylation in repetitive regions, will help to shed even
more light on these phenomena [15].

5.3 Satellite DNA transcription can occur in cancerous, senescent, and stressed cells

Other clues about the potential functions or biological effects of the classical human satellites stem
from studies of the circumstances under which they are transcribed (Figure 4). HSat2 and/or HSat3
transcripts have been detected in early embryonic cells [135], senescent cells [131], cancer cells
[108,131,136-140], cells with DNA damage [141], virus-infected cells [141,142], and stressed
cells [143—146]. For example, the large HSat3BS5 array on chr9 has been shown to play a role in
heat shock responses in human cells in tissue culture [147]. When cells are heat shocked, a protein
called heat shock transcription factor 1 (HSF1) localizes predominantly to the chr9ql2
heterochromatin domain, where nuclear stress bodies form, in a manner dependent on its DNA-
binding and trimerization domains [147]. These stress bodies recruit polymerase II and act like
transcription factories, yielding long, non-coding RNAs (IncRNAs) complementary to the G-rich
strand of HSat3B5, which stay localized near the satellite DNA [143,144]. Similar behavior was
subsequently observed with other stress stimuli, including exposure to heavy metals, UV-C
radiation, oxidative stress, and hyperosmotic stress [145,146].

In cancers, nuclear stress bodies also accumulate at other HSat2 and/or HSat3 loci [136,148],
which are also sometimes demethylated and bound by polycomb bodies [136,149]. HSat2/3
IncRNAs play a role in recruiting splicing factors and other proteins such as MeCP2 to nuclear
stress bodies [136,150—152], and they are associated with mitotic segregation defects [153]. A
recent study examined these phenomena further by stably expressing ectopic HSat2 IncRNAs from
a transgene randomly integrated into a primary human fibroblast line [154]. They found that
IncRNAs from HSat2, but not from aSat, accumulated in visible foci and recruited MeCP2 in cis
with the transgene. Furthermore, they found that ectopic satellite expression resulted in segregation
defects [154]. These results suggest that the formation of nuclear stress bodies and chromosome
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instability phenotypes in cancer cells result directly from aberrant satellite transcription rather than
some other property of cancer. Moving forward, the T2T-CHM 13 assembly and long-read IncRNA
sequencing methods will help to interrogate the exact origins of satellite transcripts at much finer
resolution [155].

i HSat2 or HSat3 array

SOLLLTLLTLLT! (99434

DNA methylation

Demethylation in cancer
Cellular stress
& senescent cells
l Formation of Nuclear Stress Bodies

Decondensation & chromosomal rearrangements \

- Transcription and localization of HSat IncRNAs

Chromosomal segregation errors & micronuclei

Spindle fiber

Figure 4. Roles for HSat2,3 arrays in stress responses, cancer, and senescence. At the top is a
schematic of a typical HSat2 or HSat3 array in a healthy cell. The DNA is heavily methylated and
the region becomes highly condensed in mitosis. In senescent cells and certain cancer cells,
genome misregulation can cause the array to become demethylated, resulting in decondensation,
chromosomal rearrangements, satellite transcription, and chromosomal segregation errors. When
cells are exposed to stress stimuli, a subset of HSat3 arrays become hubs for nuclear stress bodies,
which recruit polymerases that transcribe the satellite DNA into IncRNAs that remain localized in
cis. Presence of these transcripts can also lead to chromosomal segregation errors.
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5.4 Satellite DNAs may play a role in speciation

The high mutation rate of satellite DNA was also proposed as a driver of speciation by reproductive
isolation [123], which can result from genetic conflict or Dobzhansky-Muller incompatibilities
between rapidly evolving elements. Although this hypothesis is difficult to test in mammals,
careful experiments in Drosophila species have shed some light on this phenomenon. Satellite
DNA content can differ dramatically between reproductively incompatible Drosophila species
[156,157], but it can also differ dramatically between reproductively compatible Drosophila
strains [156]. A specific non-centromeric satellite repeat was shown to cause hybrid
incompatibility in crosses between melanogaster and simulans [158,159], and later it was shown
that satellite DNAs fail to cluster properly into chromocenters in incompatible hybrids [160].
Whether satellite DNAs play a broader role in speciation remains to be seen.

6. Conclusion

Fifty-five years have passed since the first human satellite fraction was described in 1967.
Although our understanding of the classical human satellites has lagged behind the rest of the
genome, the ability to fully assemble across these formerly intractable repetitive arrays will enable
careful studies of their regulation and function like never before. Technological advances in DNA
editing will allow researchers to delete entire HSatl-3 arrays and study the phenotypic
consequences of these knockouts in human cell lines and organoids. The long-read DNA
sequencing technologies and assembly methods used to create the first human T2T assembly will
also enable the assembly of analogous pericentromeric satellite arrays in model organisms, in
which perturbation experiments may reveal broader principles that govern the behavior and
evolution of pericentromeric heterochromatin. Comparing T2T assemblies across primate and
other mammalian lineages will enable the study of the deeper evolutionary origins of HSat1-3, and
comparisons across human T2T assemblies will enhance our understanding the variability and
recent evolution of these regions. Future studies of HSat1-3 will also benefit from new long-read
technologies for mapping protein-DNA interactions, DNA methylation, and DNA accessibility in
repetitive regions [13—16]. These future studies will also benefit from new computational methods
for comparing complex satellite array sequences and modeling their evolutionary histories. In the
coming years, our understanding of the classical human satellites may finally catch up to the rest
of the genome as researchers are newly equipped to investigate their roles in human evolution,
health, and disease.
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Footnotes

1) Saul Kit’s choice in 1961 to describe the minor DNA band as a “satellite” may have been
inspired by the news at the time [112], since the Space Age had just begun and the first crop of
artificial satellites were in orbit. Though apocryphal, this theory on the origination of the name
was believed to be true by several of the leading figures in early satellite DNA research (Chris
Tyler-Smith, personal correspondence).

2) Cesium density gradient fractions, although later shown to be enriched for certain repeat
sequence families, were known to be impure composites of sequences that could differ depending
on ultracentrifugation conditions [42,44,161]. A satellite fraction IV was also isolated using a
column fractionation method [162], but later studies found that its components were
indistinguishable from those found in satellite fraction III [29,42,44,161]. Repeat classes labeled
as “Human Satellites 4-6” in RepBase bear no relation to the classical human satellite fractions
and are not discussed here.

3) Typically, automated annotation of HSatl-3 in human assemblies relies on RepeatMasker.
RepeatMasker annotates HSatlA sequences as “SAR” and HSat1B sequences as “HSATI”.
Unfortunately, the current version of RepeatMasker, which depends on a Repbase library for
comparison, does a poor job of distinguishing HSat2 and HSat3, which both tend to be annotated
as either an “HSATII” satellite repeat or a “(CATTC)n” simple repeat. Until this issue is resolved
by RepeatMasker/Repbase, an alternative automated method for annotating HSat2 and HSat3 has
been provided at https://github.com/altemose/chm13_hsat [3].

4) NTRprism is akin to the classical analytical restriction digest experiments used to characterize
satellite arrays in the past, and it is similar in approach to previous computational tools for
detecting repeat periodicity [163]. This algorithm takes advantage of the complete information in
a full array assembly by essentially simulating digestion with restriction enzymes that could cut
all possible recognition sites. Then, it combines information across these simulations to reveal the
predominant periodicities within the array. Running NTRprism in windows across an array can
reveal variation in periodicity within that array.
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