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Abstract

Centromeres are central to chromosome segregation and genome stability, and thus their molecular
foundations are important for understanding their function and the ways in which they go awry.
Human centromeres typically form at large megabase-sized arrays of alpha satellite DNA for
which there is little genomic understanding due to its repetitive nature. Consequently, it has been
difficult to achieve genome assemblies at centromeres using traditional next generation sequencing
approaches, so that centromeres represent gaps in the current human genome assembly. The role of
alpha satellite DNA has been debated since centromeres can form, albeit rarely, on non-alpha
satellite DNA. Conversely, the simple presence of alpha satellite DNA is not sufficient for
centromere function since chromosomes with multiple alpha satellite arrays only exhibit a single
location of centromere assembly. Here, we discuss the organization of human centromeres as well
as genomic and functional variation in human centromere location, and current understanding of
the genomic and epigenetic mechanisms that underlie centromere flexibility in humans.
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The centromere is the chromosomal locus that ensures chromosome inheritance through cell
division. The kinetochore, the multi-protein structure that attaches chromosomes to spindle
microtubules, is assembled at the centromere, locally coordinating chromosome movement
during cell division. Each chromosome must have a centromere; without one, the
chromosome will be lost, leading to an aneuploid karyotype. A locus with such an essential
role in genome stability in all organisms would be expect to exhibit similar genomic
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characteristics among organisms. Surprisingly, centromeric DNAs differ among organisms
and even between different chromosomes of the same organism (see Talbert and Henikoff in
this issue 2019). Centromeres range in size from small point centromeres (~125bp) in
budding yeasts to large regional centromeres (100kb — 5Mb) in humans and plants. Despite
these sequence disparities, the proteins of eukaryotic centromeres are related, emphasizing
the functional importance of the locus. Centromeres are defined by specialized nucleosomes
containing the histone H3 variant CENP-A. Clusters of CENP-A nucleosomes are
interspersed with groups of canonical H3 nucleosomes to create a unique type of
centromeric (CEN) chromatin, also sometimes referred to as centrochromatin, that
differentiates the centromere from the rest of the chromosome. CEN chromatin serves as the
foundation of the kinetochore, interacting with CENP-C and other members of the
constitutive centromere associated network (CCAN) to assemble the protein network
between the DNA and the microtubules. CEN chromatin assembly occurs on DNA
sequences that differ among organisms and even within the same organism, suggesting a
general lack of sequence specificity for CENP-A and other centromere proteins and pointing
to CENP-A and/or CEN chromatin as an important epigenetic determinant of centromere
identity and maintenance. The lack of sequence similarities at eukaryotic centromeres led to
the current view of centromere identity as an epigenetic process, with little contribution from
the underlying DNA.

The genomics of human centromeres

Native human centromeres are formed at regions of alpha satellite, a repetitive DNA that is
defined by a 171bp monomeric sequence unit. Individual monomers that are 50-70%
identical are arranged tandemly (Fig. 1a). A defined number of monomers create a higher
order repeat (HOR) unit that is repeated hundreds to thousands of times to produce a large
homogenous array in which the HOR units are 97-100% identical. The number and order of
monomers within a HOR unit confers chromosome specificity, so that even though the same
monomers are present at every centromere in the genome, their placement within a HOR
unit contributes to individual alpha satellite arrays that can be molecularly distinguished [1].
For instance, the human X chromosome (HSAX) centromere is defined by a HOR of 12
monomers (DXZ1, 12-mer), whereas the human Y (HSAY) chromosome centromere is
defined by 34-mer HOR (DY Z3) [2,3]. Since the order and sequence of the monomers vary
between chromosome-specific HORs, alpha satellite arrays on each chromosome can be
distinguished molecularly by PCR, Southern blotting, and fluorescence in situ hybridization
(FISH) under stringent conditions [4—6]. Despite basic structural and organizational features
to differentiate alpha satellite arrays, the human genome assembly lacks contiguous alpha
satellite sequences at centromeres on every chromosome. Although monomers are present
within short-read sequence datasets, they are present in hundreds to thousands of copies
within the genome and at individual centromeres, so it is difficult to accurately and
confidently assign a monomeric read to a HOR unit or multi-megabase array (reviewed in
[7]). We do not have a complete understanding of alpha satellite organization and structure
on individual chromosomes within the population, nor of genotype-function correlations,
owing to the lack of contiguous centromeric reference genome assemblies.
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Genomic variation within human centromeres

Sequence variation is a source of functional diversity that is typically studied in the context
of gene expression and non-coding regulatory regions. It has been difficult to define the
amounts and types of variation that are present within alpha satellite without genome
assemblies. However, early molecular studies of HOR unit organization of some alpha
satellite arrays have several types of variation at human centromeres: 1) total size of the
array, 2) structure of the HOR units within a given array, 3) sequence variation within the
same HOR unit of a distinct array, and 4) number of independent arrays on a single
chromosome [8-10].

Total size variation of chromosome-specific alpha satellite arrays

Alpha satellite is frequently thought to be identical at all human centromeres, but although
each array is built from the same pool of monomers, it has its own distinctive organization
within the human genome. Additionally, degrees of variation exist within an array. On a
given chromosome, the number of times a HOR unit is repeated differs within the
population, giving rise to a range of total array lengths between homologs in the same
individual and among homologs within the different individuals. For example, on individual
HSAXs in the population, the 2.0 kb DXZ1 HOR is repeated 750-2100 times, yielding total
array size lengths that range from 1.5Mb to 4.2 Mb (mean of 3.0Mb) (Fig. 1b) [3,11,12].
Alpha satellite arrays on autosomes also exhibit similar inter-hnomolog and inter-individual
array size polymorphisms, such that population array lengths vary 10- to 20-fold. However,
within a given family, alpha satellite array sizes are heritable and stable through meiosis, to
the extent that specific chromosome homologs can be tracked molecularly through families
based solely on alpha satellite array sizes [13-15]. Alpha satellite array sizes of the same
chromosome have not been routinely compared among more than two tissues, but appear to
be largely stable in phenotypically normal individuals [16]. Whether this remains true for all
cells, including undifferentiated or aging cells, remains to be explored.

Structure and sequence variation of HOR units within specific arrays

Alpha satellite monomers differ in sequence by 10-40%. Two adjacent monomers may
differ in sequence, but similarities in monomer sequence and their order in the HOR unit, are
shared among different chromosomes. Individual monomers are derived from twelve
consensus alpha satellite monomers that are distributed among five suprachromosomal
groups or families, based on the combination and concentration of these monomers on
specific chromosomes. Suprachromosomal families 1 through 3 (SF1-3) represent the
majority of “functional” alpha satellite HORs and are typically enriched for centromere
proteins [17,18]. SF1 and SF2 are defined by distinct types of dimeric (two monomer)
configurations (Fig. 1c) and are present on all chromosomes with the exception of HSA1,
HSA11, HSA17, and HSAX that are defined by the pentameric (five monomer) HOR
configuration of SF3 [18-20]. While both monomers of dimeric HOR unit arrays are
enriched for centromere proteins, not all monomers within pentameric HOR arrays are
equally associated with centromere proteins [21].
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The binding of Centromere Protein B (CENP-B) to alternate monomers in dimeric HOR
subfamilies SF1 and SF2 confers enhanced binding and integrity of the constitutive
centromere associated-network complex (CCAN). CENP-B is a DNA binding protein that
recognizes a 17-bp sequence motif called the CENP-B box that is present in a subset of
alpha satellite monomers [22,23]. The density of CENP-B boxes within HOR alpha satellite
arrays has been correlated with stronger CENP-A enrichment, and led to the model that
dimeric arrays exhibit the highest CENP-B box density [18]. Within pentameric HOR units
of SF3, CENP-B boxes are irregularly spaced. Furthermore, the density of CENP-B boxes is
also influenced total array size, such that a 3Mb dimeric HOR array will have the same
number of CENP-B boxes as a 3Mb pentameric HOR array that has irregularly spaced
CENP-B boxes. A lower density of CENP-B boxes within an alpha satellite array may not
entirely disqualify it for centromere assembly. Indeed, centromere assembly occurs on minor
arrays of HOR alpha satellite even when a nearby major HOR array on the same
chromosome has twice or thrice the number of CENP-B boxes [15,17,24].

Genomic variation within HORs of specific alpha satellite arrays

The suprachromosomal family classifications illustrate that variation within the alpha
satellite DNA is common and complex, due to monomeric differences and chromosome-
specific differences in HOR unit size and monomer order and organization. Although HOR
units are largely thought to be highly identical within a given chromosome-specific array
[25], some HOR units within the array contain structural variants such as monomer
insertions or deletions, monomer or entire HOR unit inversions, and insertion of non-
satellite elements such as transposons [26—-28] Thus, alpha satellite arrays actually exist as
complex arrays of variant and canonical HORs punctuated with other repetitive elements
[1,29].

HSAL7 is one chromosomal example of HOR unit polymorphisms within an alpha satellite
array. The predominant HOR unit on D17Z1 is a 16-monomer (16-mer) (Fig. 2a), and makes
up most of the HOR units in D17Z1 within the population. However, single or multiple
monomeric deletions within the canonical 16-mer HOR unit have produced variant D17Z1
HOR units including 15-mers, 14-mers, 13-mers, 12-mers, and very rare 11-mers. These
monomer deletions presumably arose by unequal recombination or gene conversion during
meiosis [30,31]. Within humans, 15-, 14- and 12-mer HOR units represent a small fraction
of the total HOR units within a given D17Z1 array. However, the 13-mer HOR unit is the
most abundant variant HOR unit within D17Z1 arrays. As such, D17Z1 arrays in the
population are defined by two haplotypes: 1) Haplotype I: arrays consisting of 16-mers, with
occasional 15- and 14-mers, that are found on 65% of HSA17s, and 2) Haplotype Il, the
variant haplotype that is comprised of arrays that contain 13-mer HOR units and are present
on 35% of HSA17s (Fig. 2a). The proportion of variant 13-mer HOR units within D17Z1
arrays ranges from as little as 1% to over 75% of the array, depending on the chromosome
and the individual [15].

In addition, to HOR unit variation, single nucleotide changes have also been mapped to
specific monomers within some of the HOR units of alpha satellite arrays [3,4,25,32]. The
functional significance of size and sequence variants in alpha satellite is unclear.
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Centromere-specific/centromere-proximal haplotypes (cenhaps) are present within human
populations [33], and might be associated with different long-term chromosome stability
outcomes. Ultra-long (UL) read sequence assemblies of DXZ1 (HSAX) and DYZ3 (HSAY)
have revealed multiple types of structural variation within alpha satellite, including single
and multiple monomeric insertions and deletions that changed HOR size and in the case of
DXZ1, a single LINE-1 (L1H) insertion [3,26].

Multi- array chromosomes exhibit variation in the number of independent alpha satellite
arrays within the human karyotype

Although it was noted in the 1990s that the acrocentric chromosomes (HSA13, 14, 15, 21,
and 22) had more than one distinct alpha satellite, it has been more recently appreciated that
over half of human chromosomes, such as HSA1, HSA7, HSA17, HSA18, HSA19, and
HSAZ20, contain two or even three HOR arrays [17,20]. HSA17 for example contains three
distinct arrays, D1771, D1771-B, and D17Z1-C (Fig. 1d). The presence of multiple arrays
on the same chromosome has led to two models: 1) one array is “active/live” and the other is
“inactive/dead”; and 2) native chromosomes are arranged as structurally dicentric or
tricentric chromosomes with arrays that retain functional potential. Studies using human
artificial chromosomes (HACS) to test the functional potential of “live” or “dead” arrays
argue against the first model for chromosomes such as HSA7 and HSA17 [17,34] (see
section on “Functional variation of centromeres™). Arrays lacking HOR unit structure are
incapable of supporting de novo centromere function, so there appears to be a clear
distinction between the functional potential of HOR arrays and monomeric arrays [17,35].

Epigenomic variation of human centromeres

Human centromeres have an epigenomic RNA component

Centromeres and heterochromatin were long thought to be transcriptionally inert because
they can effectively silence transgenes or genes that are inserted in or nearby the centromere
[36]. However, studies in the fission yeast S. pombe first revealed that small RNAs produced
from centromere regions are required to establish and reinforce heterochromatin at the
centromere and pericentromere [37-40]. Mammalian pericentromeres also have an RNA
component that appears to be linked to the cell cycle [38,39,41].

Alpha satellite DNA is incorporated into both CEN chromatin and pericentric
heterochromatin [5,42]. CEN chromatin covers 30-45% of a single array of alpha satellite,
at native chromosomes or centromeres of human artificial chromosomes (HACs) [5,43-45].
Within CEN chromatin, the H3 nucleosomes within CEN chromatin are marked by
dimethylation on lysine 4 (K4me2) and lysine 36 (K36me2), post-translational histone
modifications that are typically associated with euchromatin. The remaining portion of the
alpha satellite array is assembled into heterochromatin marked by histone modifications
such as H3K9me2, H3K9me3, and H3K27me3 [5,43-46]. Each chromosome is associated
with sequence-specific, array-specific non-coding transcripts. The alpha satellite non-coding
transcripts are produced /7 cisand are complexed with centromere proteins CENP-A and
CENP-C, as well as the alpha satellite DNA binding protein CENP-B [24,47]. Although
CENP-C is a known RNA-binding protein, the specific binding sites for alpha satellite
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RNAs on CENP-C and other centromere proteins have not yet been identified. However,
non-coding alpha satellite RNAs also recruit the histone lysine methyltransferases
SUV39H1/2 that add methyl groups to H3 at lysine 9 to create a binding site for
heterochromatin protein 1 (HP1) [40,48]. How a single alpha satellite array is apportioned
into multiple chromatin domains is not clear, although the cell cycle timing, structure, or
long-term stability of alpha satellite transcripts may be a factor in their ultimate function.
Alpha satellite transcripts have been proposed to exist as RNA:DNA hybrids or as single-
stranded RNAs [40,49], so it is possible that distinct sets of transcripts or their local
concentrations at various regions of the alpha satellite array feed into a CEN chromatin
versus heterochromatin assembly pathway.

DNA methylation within centromere regions

Centromere regions are also enriched for DNA methylation that can be linked to histone
methylation. For instance, methylation of mouse minor (centromere) and major
(pericentromere) satellite DNAs are important for chromosome and satellite array stability
[50-52]. Alpha satellite DNA is hyper-methylated, presumably through the action of
DNMT3B that interacts with CENP-C [53,54]. Variation in enrichment of DNA methylation
between different alpha satellite arrays in the same or different individuals is not well
understood, but technological advancements may help resolve this gap in knowledge.
Nanopore and PacBio sequencing technologies can detect modifications to DNA bases, such
as cytosine methylation, through either alternation in normal electrolytic current signals or
polymerase synthesis rates, respectively, when a methylated cytosine is encountered. The
use of nanopore UL-reads to fully assemble the human X chromosome has provided
information on DNA methylation within the DXZ1 alpha satellite array [26]. Although
DXZ1 was generally methylated throughout the array, a 60kb region of hypomethylation
was detected. A similarly sized (75kb) region of hypomethylation was also detected within
the manually assembled D822 array on HSAS8. Similar hypomethylation of the satellite
repeats in Arabidopsis thaliana and Zea mays has been reported previously [55]. The
functional relevance of hypermethylated and hypomethylated regions within centromeres
remains to be fully determined, although it possible hypomethylation demarcates distinct
chromatin domains within centromere regions or ensures the faithful binding of centromere
proteins [56].

Functional variation of human centromeres

Human centromere function varies in a few notable ways. The most drastic example is the
occurrence of neocentromeres, atypical centromeres that arise spontaneously at non-
canonical (i.e. non alpha satellite) sequences [57-59], either on broken chromosomes or
when the native centromere loses function or is functionally mutated. The basis of such
functional variation in centromere location remains a topic of intense interest, and
approaches to engineer neocentromeres are aimed at exploring (epi)genomic features that
promote neocentromere formation. Neocentromeres are discussed in detail by Murillo-
Pineda and Jansen in this volume (ref to specific chapter from Special Issue). Here, we focus
on variability in native centromere function.
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Stability of native chromosomes as a measure of centromere fithess

One alpha satellite array on each chromosome has the highest local CENP-A concentration
and is where new CENP-A is deposited each cell cycle [44,60]. Thus, once established by
CENP-A incorporation, a centromere is maintained at the same location on a portion of
alpha satellite DNA [44]. Approximately 35% of any given array is assembled into CEN
chromatin (CENP-A plus H3K4me2 nucleosomes combined). Considering the range of
alpha satellite array lengths in the population, CEN chromatin domain lengths on a
chromosome-specific array can range from 500kb to 1.5Mb [6,43]. Although differences in
the amount of total centromere proteins between large and small chromosomes and large and
small alpha satellite arrays have been reported [61,62], quantitative analyses of CENP-A
nucleosomes at native centromeres have concluded that the number of CENP-A molecules
does not vary largely among all centromeres [44,60]. These results suggest that perhaps the
sizes and/or number of CENP-A-containing and H3-containing subdomains differ on
individual chromosome-specific arrays. Although patterns of subdomain organization
remain to be validated experimentally at native human centromeres, ChIP studies of a
neocentromere formed on HSA10 (mardel10) showed a range of CENP-A domain sizes
across the CEN chromatin domain [63]. Thus, not only could subdomain sizes differ
between individual arrays, they might also differ on the same array.

Variation in CENP-A and H3 subdomain sizes may reflect inherent natural flexibility in
centromere organization and normal homeostasis of CENP-A enrichment on a range of
alpha satellite array lengths. The establishment and maintenance of CENP-A domain sizes
may be dictated by sequence and organization of the HOR units within an array. Several
recent studies suggest that under perturbing conditions that challenge chromosome stability,
the genomic composition of centromeres influences the sensitivity of the centromere
[64,65]. A subset of alpha satellite monomers contain a 17bp motif called the CENP-B box,
a binding site for centromere protein B (CENP-B) [66]. The location of CENP-B boxes
varies based on chromosome-specific HOR and is linked to the HOR structure [22]. Some
HORSs have multiple CENP-B boxes, while others like the 16-mer HOR D7Z2 on HSA7,
have only a single CENP-B box (reviewed in [20,67]). The DYZ3 array on HSAY
completely lacks CENP-B boxes [22,68]. Overall, the range of total array lengths in the
population also reflect differences in the total number of functionally significant CENP-B
boxes. A recent study reported that alpha satellite arrays with more CENP-B boxes and thus
greater CENP-B binding were less likely to mis-segregate [65]. The increased number of
CENP-B boxes correlated with increased binding of CENP-C, indicating that centromeres
that are less sensitized to destabilizing conditions contain more functional CENP-B boxes
that recruit CENP-B and CENP-C [69]. Longer alpha satellite arrays might be predicted to
build stronger centromeres because they theoretically have more CENP-B boxes, but the
correlation between centromere length and centromere strength was less significant. Not all
CENP-B boxes in alpha satellite arrays are incorporated into kinetochore chromatin, since a
portion of the array is also assembled into heterochromatin [5,70]. Regulation of the binding
of CENP-B and CENP-C across the alpha satellite array, perhaps through methylation of
CENP-B boxes that inhibits CENP-B binding and/or controls satellite transcription [54,56],
may influence or control centromere strength.
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Centromeric epialleles: variation in alpha satellite array location of centromere assembly

As mentioned above, HSAL7 is unique in that it has three alpha satellite arrays D17Z71,
D17Z1-B and D17Z1-C. HAC technology showed that D17Z1 and D17Z1-B arrays can
independently support de novo centromere formation [17,34], suggesting that in vivo,
centromere location might vary on native chromosomes. Indeed, on HSAL17, either D17Z1 or
D17Z1-B can be the site of centromere assembly [15,17,34]. These centromeric epialleles
are mitotically and meiotically stable [15]. They also are not exclusive to HSA17, since
recent studies have identified centromeric epialleles on multiple chromosomes
[20,24,71,72], indicating that flexibility in centromere location is an inherent, and previously
unappreciated, property of native human chromosomes.

An intriguing question is how centromere location is determined on multi-array
chromosomes. On HSA17, D17Z1 is a large array that ranges in length from 2-4Mb and
contains many CENP-B boxes, compared to D17Z1-B that is a smaller array (0.5-1.5Mb)
and contains fewer (but perhaps a proportionately equal number of) CENP-B boxes.
Although D17Z1 is predominantly the site of centromere assembly [15,71], even when it is
not the site of centromere assembly, its array length exceeds that of D17Z1-B. Like recent
studies, this suggests that centromere length does not completely predict centromere
location. Instead, the variation within D17Z1 arrays (described above in the section
Structure and sequence variation of HOR units) appears to influence centromere location on
HSA17. On HSA17s in which D17Z1 contains little to no variation, the centromere forms at
D1721; conversely when HSAL7 has a D17Z1 array with greater than 70% variation (i.e.
more 13-mer HORSs versus wild-type 16-mers), centromere assembly occurs on D17Z1-B
(Fig. 2b). Centromeres formed on wild-type D17Z1 arrays or on D17Z1-B arrays when
D17Z1 is highly variant appear to be highly efficient and are rarely associated with HSA17
instability or aneuploidy.

Nevertheless, the presence of variation within D17Z1 does not absolutely correlate with
centromeric epialleles and formation of the centromere at D17Z1-B. In fact, it has been
shown variant D17Z1 arrays can be the site of centromere assembly, but many of these
HSAL7s exhibit chromosome instability and increased aneuploidy long-term [15]. Variant,
active D17Z71 arrays suggest that the amount of variation within an alpha satellite array is
functionally important. Centromere assembly occurs on D17Z1 arrays with moderate
variation (40-60% of the array contains variant HOR units), but there is a functional cost
(Fig. 2b). Unstable HSA17s that build the centromere on variant D17Z1 arrays are
associated with reduced amounts of CENP-A and CENP-C, suggesting that variant alpha
satellite DNA assemble a kinetochore that is defective in architecture and/or composition
[15]. However, not every variant D17Z1 array is associated with a defective kinetochore
and/or chromosome mis-segregation, raising the possibility that differences in long-range
organization (i.e. where specific HOR units are located with respect to one another within an
array) and perhaps even transcription of distinct variant arrays are linked to a range of
centromere strength and quality outcomes.

The molecular basis for reduced association of CENPs and inefficient centromere function
on variant D17Z1 alpha satellite arrays remains to be specifically determined. However,
studies of HSA17 and other human centromeres point toward DNA-dependent alpha satellite

Exp Cell Res. Author manuscript; available in PMC 2021 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sullivan and Sullivan

Page 9

factors, including alpha satellite sequence variation, that strongly affect centromere
assembly and chromosome stability. The opportunity now exists to combine the newest
ultra-long read sequencing technologies and optical mapping approaches with molecular and
functional assays to comprehensively capture alpha satellite organization and variation
within the population and test how specific (epi)genomic configurations of alpha satellite
impact centromere assembly and chromosome stability.
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Figure 1. Genomic organization and variation of alpha satellite DNA at human centromeres.

a. Schematic of the general organization of an alpha satellite DNA array at human

centromere regions. Alpha satellite is based on ~171bp monomeric repeat units (black

arrows with white numbers) that are 50-70% identical in sequence and arranged tandemly to

form a HOR unit; shown here as a 12 monomer HOR (yellow array). Monomers are

numbered by their position within the HOR and not based on their homology between two
distinct HORs. The HORs are repeated hundreds to thousands of times to create
homogenous arrays in which HOR within a given array are 97-100% identical. The HOR
array is flanked by degenerate alpha satellite DNA monomers (small black arrows) that lack
hierarchical structure and separate the HOR array from the chromosome arms. HOR arrays
are interrupted by other repetitive elements, such as transposable elements (TEs, blue), but
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the extent of TE distribution across specific alpha satellite arrays is currently unclear due the
lack of linear, contiguous alpha satellite assemblies.

b. The number of times a chromosome-specific HOR unit is repeated to create an extensive
homogenous array varies between homologs and individuals. The distribution of total array
sizes from a subset of the population is shown for our distinct alpha satellite arrays,
including D17Z71 and D17Z1-B, two arrays from Homo sapiens chromosome 17 (HSA17),
as well as DXZ1 and DYZ3, the alpha satellite arrays from HSAX and HSAY. Each open
circle represents an independent chromosome/individual.

c. Individual alpha satellite monomers are distributed into five suprachromosomal groups or
families, based on the concentration of specific monomer types (based on sequence
homology) on distinct chromosomes. Suprachromosomal families 1 and 2 (SF1, SF2)
represent the most abundant HOR configuration within human centromere regions and are
defined by distinct dimeric configurations (shown as blue or yellow. HOR units on some
chromosomes like HSA1 are defined by the two dimers themselves while larger HOR units
on chromosomes like HSA18 are comprised of multiple alternating copies of the same two
monomers. The HOR units are then repeated hundreds to thousands of times to produce a
large homogenous satellite array. d. Over half of native human chromosomes contain more
than one distinctive alpha satellite array. For example, HSA17 has three arrays that are ~92%
identical and defined by different HOR units. D17Z1, the largest array (blue) is defined by a
canonical 16 monomer (16-mer) HOR that is repeated thousands of times to produce total
array sizes that range from 2.3-4.2Mb in the population. D17Z1-B (pink) and D1721-C
(light orange) flank D17Z1 and are each defined by different 14-mer HOR units. Centromere
assembly can occur at either D17Z1 or D17Z1-B.
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Figure 2. Functional centromeric epialleles on Homo sapiens chromosome 17 (HSA17) are
influenced by genomic variation within alpha satellite DNA.

a. The large array D17Z1 on HSA17 is defined by a canonical (wild-type) 16-mer HOR unit.
However, D17Z1 is highly polymorphic such that single and multiple monomer deletions
produce HOR variants that differ in length by an integral number of monomers. In the
general population, HOR variants range from 15-mers to 12-mers. Two major haplotypes
(Haplotype I - wildtype; Haplotype Il — variant) exist in the population, distinguished by the
presence or absence of the 13-mer HOR unit.

b. HSA17 exhibits centromeric epialleles (i.e. multiple sites of centromere assembly) based
on the amount of variation within D17Z1. Arrays containing predominantly wild-type 16-
mer HORs are preferred locations for centromere assembly, denoted by CENP-A (red
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circles) and other centromere proteins, and are associated with stable HSA17s. When D17Z1
arrays are composed of more than 70% variant 13-mer HORs, centromere assembly occurs
on neighboring D17Z1-B (pink arrows) and chromosome stability is comparable to HSA17s
with wild-type arrays. However, centromere assembly occurs on D17Z1 arrays exhibiting
intermediate levels of variation (40-60%) but leads to two distinct chromosome phenotypes:
stable and unstable. Variant arrays exhibiting the unstable HSA17 phenotype are associated
with reduced numbers of centromere proteins.
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