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Alpha satellite is a tandemly organized type of repetitive DNA that comprises 5% of the genome and is found at all human

centromeres. A defined number of 171-bp monomers are organized into chromosome-specific higher-order repeats (HORs)

that are reiterated thousands of times. At least half of all human chromosomes have two ormore distinct HOR alpha satellite

arrays within their centromere regions. We previously showed that the two alpha satellite arrays of Homo sapiens
Chromosome 17 (HSA17), D17Z1 and D17Z1-B, behave as centromeric epialleles, that is, the centromere, defined by chromatin

containing the centromeric histone variant CENPA and recruitment of other centromere proteins, can form at either D17Z1

or D17Z1-B. Some individuals in the human population are functional heterozygotes in that D17Z1 is the active centromere on

one homolog and D17Z1-B is active on the other. In this study, we aimed to understand the molecular basis for how centro-

mere location is determined onHSA17. Specifically, we focused on D17Z1 genomic variation as a driver of epiallele formation.

We found that D17Z1 arrays that are predominantly composed of HOR size and sequence variants were functionally less

competent. They either recruited decreased amounts of the centromere-specific histone variant CENPA and the HSA17

was mitotically unstable, or alternatively, the centromere was assembled at D17Z1-B and the HSA17 was stable. Our study

demonstrates that genomic variation within highly repetitive, noncoding DNA of human centromere regions has a pro-

nounced impact on genome stability and basic chromosomal function.

[Supplemental material is available for this article.]

Genomic variation, in the form of single-nucleotide polymor-
phisms (SNPs) and insertion-deletions (indels) within coding
and regulatory regions and copy number variation (CNV) within
both coding and noncoding regions, is often linked to alterations
in gene expression and function (Hamilton 2002; Haraksingh and
Snyder 2013). Most studies of genome variation have focused on
gene expression, so little is known about how variation within
highly repetitive sequences might be linked to broader chromo-
somal function. Alpha satellite DNA, a repetitive DNA that is pre-
sent at all human centromeres, is a good example of this gap
between difficult genomic regions and functional consequences
of variation. Alpha satellite is defined by 171-bp monomers that
are 50%–70% identical in sequence (Willard 1985). Monomers
are typically tandemly arranged, so that a defined number of
monomers creates a higher-order repeat (HOR) array. The size of
the HOR (i.e., the number ofmonomers) gives rise to chromosome
specificity. For instance, the HOR of Homo sapiensChromosome X
(HSAX) is defined by a 12-monomer HOR, while the HOR of HSA8
is defined by sixmonomers.Monomers can be grouped into supra-
chromosomal families, based on the organization of specific
monomers into groups on different chromosomes (for detailed in-
formation on alpha satellite organization, the reader is referred to
Willard 1985; Willard and Waye 1987; Alexandrov et al. 1988,
1993, 2001; Shepelev et al. 2015). HORs that are 97%–100% iden-

tical are reiterated hundreds to thousands of times, creating highly
homogeneous alpha satellite arrays that stymie standard genome
assembly (for review, see Miga 2015). As a result, centromeric
gaps in genome assemblies have precluded cataloguing the
amount and extent of variation within this type of DNA.
Capturing variation in highly repetitive sequences even in a single
individual like HuRef is difficult, although a few recent studies
have highlighted the possibility of assessing variationwithin com-
plex satellite DNA (Miga et al. 2014, 2015; Miga 2015).

HSA17 has a complex centromere region. It contains three
distinct alpha satellite arrays, D17Z1, D17Z1-B, and D17Z1-C
(Fig. 1; Waye and Willard 1986b; Willard and Waye 1987; Rudd
and Willard 2004; Shepelev et al. 2009). D17Z1 is the larger array,
spanning 1–4megabases (Mb) in various individuals (Wevrick and
Willard 1989; Warburton and Willard 1990). D17Z1-B, oriented
toward the short arm side of the D17Z1, and D17Z1-C, located
on the long arm side of D17Z1, are smaller arrays, each estimated
to be <1 Mb in size (Rudd et al. 2006; Shepelev et al. 2009; K
Chew and BA Sullivan, unpubl.). There is little contiguous se-
quence information between D17Z1-B/D17Z1 and D17Z1/
D17Z1-C; however, BAC end sequencing supports that the arrays
are essentially adjacent (Rudd et al. 2006). In previous studies,
we demonstrated that the functional centromere on HSA17 is
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assembled at either D17Z1 or D17Z1-B (Maloney et al. 2012).
We showed that in ∼70% of individuals studied, the centromere
is assembled at D17Z1, while in 30% of individuals, the centro-
mere is assembled at D17Z1 on one homolog and at D17Z1-B on
the otherHSA17homolog. To date, no individuals have been iden-
tified that exhibit centromere assembly atD17Z1-B onbothHSA17
homologs. D17Z1-B can robustly support centromere assembly in
human artificial chromosome (HAC) assays (Maloney et al. 2012;

Hayden et al. 2013); therefore, it is possible that D17Z1-B/
D17Z1-B homozygous centromeres represent rare alleles that
may only be identified by deeper screening of the population.
The molecular basis of these HSA17 centromeric epialleles and
(epi)genomic features that direct their assembly are unknown.
We hypothesized that genomic variation within alpha satellite
DNA could be one factor that influences epiallele choice on
HSA17.

Figure 1. Homo sapiens Chromosome 17 (HSA17) centromeric satellite organization. (A) HSA17, illustrated by the UCSC Genome Browser chromosome
ideogram, has three distinct alpha satellite arrays with different monomer organizations of higher order repeats (HORs). D17Z1 (blue bar) is comprised of
canonical/wild-type 16-monomer (16-mer) HORs (large blue arrowheads) that are operationally defined by EcoRI restriction sites. D17Z1-B (gray bar),
located toward the short arm side of the centromere region, is based on a 14-mer HOR (large gray arrowheads) that is also defined by EcoRI sites.
D17Z1-C, a third array oriented toward the long arm side of the centromere (light red bar) is also defined by a 14-mer HOR (light red arrowheads) but
is less well characterized and not a focus of this manuscript. Individual monomers (green or yellow arrows) in the HORs are <70% identical to each other
but are arranged nonrandomly in the same order (i.e., monomer 1 throughmonomer 16). The HORs are repeated hundreds to thousands of times to create
highly homogenous arrays that span multiple megabases. This high degree of homogeneity has confounded standard genomic assemblies of centromere
regions. (B) D17Z1 is an extremely polymorphic alpha satellite array; D17Z1-B exists exclusively as a 14-mer HOR array. In D17Z1, single and multiple
monomer deletions caused by repeated rounds of unequal crossing over and/or gene conversion 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, with rare 11-mers (not shown) occurring in isolated pop-
ulations or individuals (Warburton and Willard 1995). Two major D17Z1 haplotypes (I, II) exist in the population and are primarily distinguished by the
presence or absence of a 13-mer, created by a three-monomer deletion (3-mer indel). Additional restriction enzyme polymorphisms (DraI in monomer
5 and a second EcoRI SNP in monomer 13) are in linkage disequilibrium with the 13-mer HOR (Warburton et al. 1991). Individual monomers are denoted
by numbered arrows. Shading/lightness indicates monomers that are deleted in specific HOR variants.
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Alpha satellite arrays vary in several ways. First, the different
monomer organizations of the HOR distinguish distinct alpha sat-
ellite arrays. The overall size of an array can vary based on thenum-
ber of times an HOR is repeated, such that between homologs in
the same individual or between individuals, the same alpha satel-
lite array can range from1–4Mb. These are important features that
allow arrays on the same chromosome to be molecularly distin-
guished. On HSA17, D17Z1-B and D17Z1-C appear to exist only
as 14-mer HORs; the amount of sequence variation within the
HORs is not known. Conversely, D17Z1 exhibits a high degree of
polymorphism, including overall array size, HOR size, and specific
sequence features (Fig. 1B). The enzyme EcoRI operationally de-
fines the D17Z1 HOR, designatingmonomer 1 of the HOR and de-
marcating the boundary between individual HORs (Waye and
Willard 1986b). A common SNP that introduces an EcoRI site in
monomer 13 is located in a subset of HORs. A second major poly-
morphism is the deletion of three monomers (monomers 10–12),
resulting in HORs that consist of only 13monomers (13-mer) (Fig.
1B;Waye andWillard 1986b). D17Z1 exhibits additional HOR var-
iants that depart from the canonical or wild-type (16-mer) size.
Single andmultiplemonomeric deletions caused by unequal cross-
ing over produce other HORs that range from 15-mers to 11-mers
(Fig. 1B; Waye and Willard 1986a; Warburton and Willard 1995).
Arrays containing the EcoRI SNP and these monomeric deletions
exist in distinct haplotypes in the population (Warburton and
Willard 1995). The “wild-type” haplotype (Haplotype I) consists
of 16-, 15-, and 14-mers and occurs in ∼65% of the population.
Individuals in Haplotype I have D17Z1 arrays consisting of HORs
that are pure 16-mers or a mixture of 16-, 15-, and 14-mers.
D17Z1 arrays in individuals with Haplotype II (∼35% of popula-
tion) contain 16-, 15-, and 14-mers, as well as additional 13- and
12-mers. The polymorphic EcoRI site exists in moderate linkage
disequilibrium with the 13-mer variant (Haplotype II). Finally,
D17Z1 exhibits array size variation that reflects the total number
of HORs. D17Z1 arrays vary in size from 2–4 Mb (Wevrick and
Willard 1989).

The frequency of individuals that have HSA17s in which the
centromere assembles at D17Z1-B and the proportion of HSA17s
that contain variant HORS (indel and SNP) are remarkably similar
(∼30%) (Warburton and Willard 1995; Maloney et al. 2012). We
hypothesized based on our previous studies that D17Z1 variation
might influence centromere location and function. In this work,
we investigated the role of sequence (SNP, indel) and structural
variation (SV; satellite copy number) within alpha satellite DNA
in the establishment of centromeric epialleles on HSA17. We
find that extensive sequence and structural variation negatively
correlates with the location of centromere assembly and/or im-
pairs centromere function and HSA17 chromosome stability.

Results

D17Z1 HOR sequence variation is associated with metastable

centromeric epialleles

Centromere location on HSA17s in the current data set had either
been determined previously or had to be established in this study
(Table 1).We used CENPA immunostaining and CENPAChIP-PCR
to assign the location of centromere assembly, so that each HSA17
in our data set was functionally characterized before proceeding to
the analysis of molecular variation (Table 1; Supplemental Fig. S1;
Maloney et al. 2012). Our data from previously published studies
suggested that variation within the HORs of D17Z1 arrays could

be linked to centromere location on HSA17 (Maloney et al.
2012). Comparison of the ratio of 16-mers and 13-mers had re-
vealed that D17Z1 arrays with a greater proportion of 13-mers
were less likely to be the site of centromere assembly (Maloney
et al. 2012). However, our earlier approach did not take into ac-
count any other HOR variants (i.e., 15-, 14-, 12-, 11-mers) or se-
quence variants, such as the EcoRI SNP, that are found within a
substantial subset of D17Z1 arrays (Willard et al. 1987;
Warburton andWillard 1995). The EcoRI SNP foundwithinmono-
mer 13 of D17Z1 is easily identified by limited PCR amplification
of the D17Z1 array (monomers 6–16), followed by digestion with
EcoRI. In this approach, the entire spectrum of HOR size variants
are revealed, from 16-mer to 11-mer, as well as the EcoRI SNP
that yields the 9-/4-mer combination found in polymorphic 13-
mers (3-mer indel). The PCR-restriction digestion assay also reveals
rare 16-mer HORs that contain the EcoRI SNP in monomer 13.
Furthermore, the assay is quantitative, in that band intensities
are representative of HOR variant abundance within a multi-meg-
abase-sized array.

A second approach that we used to measure HOR level varia-
tion was EcoRI digestion of genomic DNA, followed by conven-
tional gel electrophoresis and quantitative Southern blotting.
This was the classical approach taken decades ago to define and
characterize HOR variationwithin alpha satellite arrays. An advan-
tage of the PCR assay is that it can be performed in half the time
required for the Southern blotting approach. Moreover, it is as
quantitative as Southern blotting, and in fact, we found no statisti-
cally significant differences in the amount of variation measured
in multiple diploid and single HSA17 lines when comparing the
PCR assay and Southern blotting approach (Supplemental Fig.
S2B). Going forward, this PCR approach will be advantageous for
screening a larger section of the population in order to identify ad-
ditional individuals who have HSA17 epialleles.

Table 1. Alpha satellite array sizes and centromere location for dif-
ferent HSA17s

Linea
Centromere
location

D17Z1 size
(Mb)b

D17Z1-B
size (Mb)b

Z1:Z1-B
ratioc

Z1_4.3 D17Z1 4.3 ± 0.16 (n = 6) 1.68 ± 0.59 2.6
Z1_4.0 D17Z1 4.0 ± 0.04 (n = 10) 1.19 ± 0.64 3.4
Z1_3.9 D17Z1 3.9 ± 0.30 (n = 4) 0.73 ± 0.23 5.3
Z1_3.7d D17Z1 3.7 1.17 ± 0.57 3.2
Z1_3.5 D17Z1 3.5 ± 0.07 1.07 ± 0.4 3.3
Z1_3.3d D17Z1 3.3 1.45 ± 0.34 2.3
Z1_3.1d D17Z1 3.1 ± 0.00 (n = 10) 0.88 ± 0.44 3.5
Z1_3.0 D17Z1 3.0 ± 0.03 (n = 3) 0.80 ± 0.33 3.8
Z1_2.9 D17Z1 2.9 ± 0.01 (n = 5) 0.98 ± 0.53 3.0
Z1_2.6 D17Z1 2.6 ± 0.01 (n = 3) 0.80 ± 0.23 3.3
Z1_2.3A D17Z1-B 2.3 ± 0.05 (n = 6) 0.88 ± 0.49 2.6
Z1_2.3B D17Z1-B 2.3 ± 0.01 (n = 4) 0.80 ± 0.37 2.9
Z1_0.7d D17Z1 0.7 n.a. n.a.

(n.a.) Not applicable. Gray shading denotes HSA17s on which the cen-
tromere was assembled at D17Z1-B.
aEach somatic cell hybrid line was named for the size of its D17Z1 array;
original diploid lines are available upon request.
bAverage of multiple estimates ± variance (n = independent measure-
ments). Each HSA17 was measured with 1–4 enzymes over multiple
blots.
cDifference between D17Z1:D17Z1-B ratios of HSA17s with centromeres
assembled at D17Z1 versus D17Z1-B was not statistically significant
(P = 0.4) (Supplemental Fig. S3B).
dConfirmation of previous estimate in Warburton and Willard (1990)
and Rudd et al. (2006). Z1_0.7, an HSA17 that completely lacks D17Z1-
B, was used to calibrate Southern blot array length measurements.
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We applied these two (semi-)quantitative assays to measure
variation in a multigenerational family (CEPH 1345) that segre-
gates HSA17 epialleles (Fig. 2A; Supplemental Fig. S2A; Maloney
et al. 2012). The proportion of wild-type versus variant HORs
was calculated by digitally quantitating band intensities from
PCR agarose gels and/or Southern blots. Both PCR and Southern
blotting were quantitatively similar (Supplemental Fig. S2B). The
wild-type designation included 16-mer HORs, as well as 15- and
14-mer HORs, since they carry the major alleles at the EcoRI SNP
and 3-mer indel (Fig. 2; Supplemental Fig. S2A). Variant HORs in-
cluded the indel HOR (13-mer) as well as
12-, 11-, 9-, and 4-mers. The 12-/4-mer
bands included rare 16-mer HORs con-
taining the EcoRI SNP, while the 9-/4-
mer combination represented indel/13-
mers containing the SNP.

Quantification of HOR variation
within CEPH 1345 (diploid) individuals
revealed that some arrays were composed
entirely of wild-type HORs, while others
contained few wild-type HORs (Fig. 2B;
Supplemental Fig. S2C). The presence of
the indel 13-mer HOR was not sig-
nificantly associated with active or inac-
tive D17Z1 arrays (Supplemental Fig.
S2C,D). However, a high proportion of
HORs containing the EcoRI SNP was
significantly associated with inactive
D17Z1 (Fig. 2B,C; Supplemental Fig.
S2D). Overall, the total variant composi-
tion (indel plus EcoRI SNP) between ac-
tive versus inactive D17Z1 arrays was
statistically significant (Fig. 2C). Individ-
uals with D17Z1 arrays that contained
>50% wild-type HORs were associated
with active D17Z1 arrays. Alternatively,
individuals in which D17Z1 exhibits
>80% variation carried HSA17 epialleles
(i.e., centromere assembly at D17Z1-B
on one homolog) (Fig. 2B). To determine
if thesegenomicpredictionsextendedbe-
yond the CEPH1345 family, we analyzed
additional diploid lines in which HSA17
had been functionally characterized.
Again, highly variant D17Z1 arrays were
associated with centromere assembly
at D17Z1-B (Supplemental Fig. S2E).
Collectively, these results suggest that
centromere assembly on HSA17 is nega-
tively associated with highly variant
arrays.

Large homogeneous arrays of D17Z1 are

the sites of centromere assembly on

HSA17

We predicted that centromere assembly
would occur at D17Z1 on invariant ar-
rays, while assembly at D17Z1-B would
occur on HSA17s containing highly vari-
ant D17Z1 arrays. A caveat of the previ-
ous set of experiments (i.e., CEPH 1345

family) was that the diploid individuals/cell lines were analyzed.
This made it difficult to definitively determine the amount of
variant HORs within the D17Z1 array of a single HSA17 homo-
log. In addition, it is difficult to determine the size of each alpha
satellite array in diploid cells. This is relevant because the total
size of an alpha satellite array might predict where the centro-
mere assembles, either independently or dependent on propor-
tion of variation.

Therefore, we studied individual HSA17s that had been isolat-
ed from diploid human cell lines and transferred into human-

Figure 2. Extensive D17Z1 variation is associated with centromeric epialleles. (A) D17Z1 variation was
detected using PCR followed by restriction digestion to reveal HOR size variation as well as identify HORs
containing the EcoRI SNP that segregates with the 13-mer/indel HOR. D17Z1 variation within two gen-
erations of the three generation CEPH/Utah 1345 family is shown (for data on the third generation, see
Supplemental Fig. S2). This family has individuals that are centromeric functional heterozygotes (half-
shaded circles or squares): One homolog assembles the centromere at D17Z1 (Z1) and the other homo-
log assembles the centromere at D17Z1-B (Z1-B). Squares represent males; circles represent females.
Each family member is numbered according to the original classification of the pedigrees (Dausset
et al. 1990). Agarose gels were imaged as white bands on black background; the images were inverted
for presentation purpose only. Quantitation of the amount of wild-type HORs (16-, 15-, 14-mers,
Haplotype I) versus variant HORs (13-, 12-, 11-mers, and 13-mer SNP represented by 9 + 4 bands,
Haplotype II) was measured. Individuals with HSA17 centromere epialleles (half-shaded squares and cir-
cles) had D17Z1 arrays with >80% variation. (B) In CEPH family 1345, the correlation between all indi-
viduals with D17Z1 variation and centromeric epialleles (D17Z1-B CEN function on one homolog
only) compared to individuals lacking epialleles (D17Z1/D17Z1 CEN function) was statistically significant
(asterisks indicate P < 0.001).
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mouse somatic cell hybrid lines. Our
samples included those from our previ-
ous study (Maloney et al. 2012) as well
as several new HSA17s (n = 12 total)
(Table 1). This sample size allowed us to
achieve sufficient statistical power (90%
power, 0.01 CI) to test the hypothesis
that large D17Z1 arrays are more likely
to be the site of centromere assembly on
D17Z1. Total D17Z1 alpha satellite array
sizes were estimated using restriction
digestion of high molecular weight
DNA that releases the D17Z1 as one or a
few large fragments that can be resolved
by pulsed field gel electrophoresis (Fig.
3A; Mahtani and Willard 1990; Sullivan
et al. 2011). Although some of the
D17Z1 array sizes were previously
known, D17Z1-B array sizes have not
been previously reported. Therefore, we
estimated the size of D17Z1-B arrays for
every HSA17 in our entire data set using
DNA fiber FISH or interphase FISH with
probes specific to D17Z1 and D17Z1-B
(Table 1; Fig. 3B; Supplemental Fig.
S4A). Since each D17Z1 array size was
known (from the present study or
Maloney et al. 2012), the D17Z1 fluores-
cent signal was measured in microns
and assigned a value in megabases. The
D17Z1-B probe was also measured, and
the D17Z1-B array size was calculated
based on theD17Z1 fluorescent probe/ar-
ray size. D17Z1 sizes ranged in size from
2.3–4.3 Mb (Supplemental Fig. S3), and
D17Z1-B arrays ranged from 0.5–1.6 Mb
(Table 1; Fig. 3B; Supplemental Fig.
S4A). We found that HSA17s in which
D17Z1-B was the active centromere tend-
ed to have the smallest D17Z1 arrays
(Supplemental Fig. S3). This raised the
possibility that the ratio of D17Z1:
D17Z1-B size might be related to centro-
mere location, such that D17Z1 and
D17Z1-B arrays of similar size may com-
pete for centromere function. However,
when we compared D17Z1:D17Z1-B
ratios for HSA17s in which the centro-
mere formed at Z1 versus Z1-B, there
was not a statistically significant differ-
ence (Supplemental Fig. S4B).

Alpha satellite array size and se-
quence variation are not necessarily in-
dependent variables, due to the nature
of repetitive arrays. The range of array siz-
es among different individuals has been
attributed to expansion and contraction
over iterative rounds of unequal ex-
change, due to recombination or, more
likely, gene conversion (Waye and
Willard 1986a; Warburton and Willard
1992; Warburton et al. 1993). This

Figure 3. Larger D17Z1 arrays tend to be more homogeneous and are the site of centromere assem-
bly. (A) Although the sizes of many D17Z1 arrays in our data set were already known (Maloney et al.
2012), D17Z1 arrays in new somatic cell hybrid lines were molecularly sized. D17Z1 array sizes were es-
timated using restriction digestion with enzymes that cut infrequently within the alpha satellite array, fol-
lowed by resolution of large DNA fragments by pulsed field gel electrophoresis and Southern blotting.
Representative Southern blot shows hybridization with a D17Z1-specific DNA probe p17H8. The paren-
tal diploid line shows many large DNA fragments from both HSA17 homologs. Individual HSA17 array
sizes could only be resolved by moving each HSA17 homolog from the diploid line into the somatic
cell hybrid background. Multiple bands were added to estimate the final array sizes. In this example,
D17Z1 array size on Homolog 1 is 2.3 Mb and 4.0 Mb on H2. Each sample is shown in duplicate, along
with a D17Z1 sizing control (0.7 Mb) for Southern blotting. (B) Because D17Z1-B is a relatively recently
identified array, less is known about array size. Wemeasured D17Z1-B array sizes on 12 different HSA17s
using stretched DNA fibers and FISHwith probes specific to D17Z1 andD17Z1-B (Supplemental Fig. S4).
The size of D17Z1 was used as a normalizer to calculate D17Z1-B array size from fluorescent signals on
DNA fibers; sizes of both arrays for individual HSA17s were plotted as shown. D17Z1 array sizes ranged
from 2.3 to 4.3 Mb, while D17Z1-B sizes ranged from 0.7 to 1.6 Mb. The smaller D17Z1 arrays were as-
sociated with HSA17s in which D17Z1-B, not D17Z1, was the functional centromere. HSA17s are named
and organized along the x-axis by D17Z1 array size (largest to smallest). Location of the centromere is
denoted above the graph. (C) To investigate the correlation between array size and variation, D17Z1 ar-
ray size and the proportion of wild-type and variant HORs (size + SNP) were plotted, revealing that inac-
tive D17Z1 arrays have higher proportions (>80%) of variant HORs. Centromere location for each HSA17
is denoted above the plot. Z1_4.0 exhibited extensive D17Z1 variation but assembled the centromere at
D17Z1. Z1_3.3, Z1_3.1, and Z1_2.6 exhibited moderate variation (∼60%) but still assembled the cen-
tromere at D17Z1.
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process should be more efficient on homogenous arrays, as it
relies on internal homology to expand arrays. More variant ar-
rays would be expected to be smaller due to inefficient expan-
sion processes. In our data set, there was a weak correlation
between D17Z1 array size and the proportion of the array com-
posed of wild-type HORs (R2 = 0.21, P = 0.13, Pearson correla-
tion = 0.4622, Spearman correlation = 0.3638) (Supplemental
Fig. S3). However, the data appear to be skewed by the single,
extremely large and variant D17Z1 array in line Z1_4.0 that
also displays a high degree of HSA17 instability (see below).
If this line is excluded from analysis due to its unusual behav-
ior, the correlation between D17Z1 size and homogeneity great-
ly increases (R2 = 0.57; Pearson correlation = 0.7557, Spearman
correlation 0.69337), supporting our hypothesis that larger
D17Z1 arrays are more likely to be homogeneous and the site
of centromere assembly. Overall, our data suggest that a signif-
icant factor that distinguishes the two functional centromeric
states (active versus inactive) of D17Z1 is the amount of varia-
tion with the D17Z1 array.

Variant, active D17Z1 arrays are associated with chromosome

instability

The array size and variation analyses identified a few notable
HSA17s that did not obviously fit the pattern of a large, invariant
D17Z1 array correlating with centromere location (Supplemental
Fig. S3). Specifically, four HSA17s (Z1_4.0, Z1_3.3, Z1_3.1, and
Z1_2.6) assembled their centromeres at D17Z1 arrays that con-
tained a large proportion of HOR variation (60%–98%) (Fig. 3C).
We asked if the centromeres on these variant D17Z1 arrays were
functionally normal. First, we monitored chromosome stability
as a marker for proper centromere function. We defined chromo-
some stability as the ability of the chromosome to maintain its
ploidyover time. FISHwas used to analyze somatic cell hybrid lines
containing individual HSA17s for the number of HSA17s (< or > 1
HSA17/cell). HSA17s inwhich the centromeres formed at large, in-
variant D17Z1 arrays (Z1_4.3, Z1_3.9, Z1_3.5) were extremely sta-
ble (Fig. 4A; Supplemental Fig. S4C). Likewise, HSA17s that
assembled the centromere at D17Z1-B and contained extremely
variant D17Z1 arrays were also very stable. However, HSA17s
that assembled the centromere at D17Z1 arrays that had moderate
to extreme HOR variation exhibited chromosome instability (Fig.
4A; Supplemental Fig. S4D).

We extended our stability studies of eachHSA17 by analyzing
multiple versions of the same HSA17 in clonal cell lines derived by
dilution and single cell cloning from the parental somatic cell hy-
brid (Fig. 4B; Supplemental Fig. S4). This approach accounted for
random mutations in a single cell line that might affect HSA17
chromosome stability. The stability of two mouse chromosomes
was also measured to rule out a general chromosome instability
phenotype within a given single cell clone (SCC), since all
HSA17s were transferred to the same mouse background. In these
analyses of multiple versions of the same HSA17, we observed that
HSA17s with large, invariant (wild-type) D17Z1 arrays were largely
stable (Supplemental Fig. S4C). However, single cell clones of dif-
ferent HSA17s that had substantial amounts of variation (>50%)
showed considerable chromosome instability, suggesting that
the unstable phenotype was inherent to the specific HSA17 (Fig.
4B; Supplemental Fig. S4D). These results imply that centromeres
formed on variant D17Z1 arrays are functionally deficient and
that this has long-term consequences for overall HSA17 mitotic
stability.

Heterogeneous D17Z1 has reduced amounts of centromere protein

A (CENPA)

We wanted to understand the functional basis for why the highly
variant D17Z1 centromeres were associated with HSA17 instabili-
ty. We compared amounts of two centromere proteins (CENPs)
at specific HSA17s to normal centromeres within the same cells.
CENPA is a histone H3 variant that is an important epigenetic
marker of functional centromeres (Warburton et al. 1997; Black
et al. 2007), creating a specialized type of chromatin (centromeric
chromatin) that serves as the foundation of the kinetochore
(Shelby et al. 1997; Ando et al. 2002; Foltz et al. 2006). CENPC is
a member of the constitutive centromere-associated network
(CCAN), a multiprotein network that mechanically links CENPA
chromatin to the outer kinetochore where spindle microtubules
attach (Hori et al. 2013; Suzuki et al. 2014; Klare et al. 2015). We
measured the amounts of CENPA and CENPC at D17Z1 on unsta-
ble HSA17s using IF-FISH (Fig. 4C). The centromere of Z1_4.0, the
most unstable HSA17 in our cohort of highly heterogeneous
D17Z1 arrays, had approximately half the amount of CENPA and
<50% the amount of CENPC compared to all other centromeres
(Fig. 4C,D). Conversely, stable HSA17s, including those in which
the centromere was assembled at D17Z1-B, had amounts of the
CENPA that were comparable to other chromosomes in the cells
(Fig. 4E,E′). These results indicate that centromeres formed on
variant D17Z1 arrays are functionally defective and composition-
ally different than centromeres formed on invariant D17Z1
and D17Z1-B arrays and on alpha satellite arrays on other
chromosomes.

Discussion

Genomic variation is a source of functional diversity and is broadly
studied in the genic and noncoding regulatory regions of the ge-
nome. However, few studies have ventured into the ∼10% of the
human genome that is highly repetitive and remains unassembled
anduncharacterized to explore the extent of variation and its func-
tional consequences. Alpha satellite DNA comprises at least 5% of
the genome and has a well-established role in centromere func-
tion. Centromere proteins are concentrated at alpha satellite arrays
on all endogenous human centromeres (Vafa and Sullivan 1997;
Ando et al. 2002); moreover, alpha satellite DNA is the only se-
quence capable of forming de novo centromeres in human artifi-
cial chromosomes assays (Harrington et al. 1997; Grimes et al.
2002; Maloney et al. 2012). Structural variation within alpha satel-
lite (i.e., variations in overall array size among individuals) has
been well known for decades (Wevrick and Willard 1989; Miga
et al. 2014). However, the extent of sequence variation is less un-
derstood, since contiguous alpha satellite regions havenot been as-
sembled and compared among large numbers of individuals. The
situation is further complicated by the fact that half of human
chromosomes have more than one alpha satellite array within
their centromere regions, thereby potentially compounding the
amount of variation per individual (Pironon et al. 2010; Hayden
et al. 2013; Miga et al. 2014; see UCSC Genome Browser centro-
mere track). Other human chromosomes in addition to HSA17 ex-
hibit centromeric epialleles (Maloney et al. 2012; SMMcNulty and
BA Sullivan, unpubl.),making it imperative to understandhow the
site of centromere formation is chosenwhen two ormore adjacent
genomic regions are available for centromere assembly. Although
centromere identity is thought to have a stronger epigenetic basis,
our results support a connection between genomic variation
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within alpha satellite DNA and centromere location. Our data also
highlight the functional consequences of genomic variation with-
in the repetitive portion of the human genome that remains unas-
sembled and uncharacterized.

Our study raises several questions and areas for future study.
The data presented here point to an association between large al-
pha satellite array size and centromere function atD17Z1. This cor-
relation is less apparent for D17Z1-B arrays, perhaps because they

Figure 4. Centromeres assembled at variant D17Z1 arrays are less stable than homogeneous wild-type arrays. (A) The proportion of variation (wild-type
versus variant HORs) in a subset of HSA17s is plotted with stability of the HSA17 (red line). For each line, chromosome stability was determined using FISH
with D17Z1 probes and counting the number of HSA17s in 200 cells (stability was defined by maintenance of HSA17 ploidy in each line). When the cen-
tromere formed on a large, homogeneous array of D17Z1, such as in Z1_4.3, Z1_3.9, and Z1_3.5, the HSA17 was extremely stable in mitosis. Similarly,
when the centromere assembled at D17Z1-B in lines Z1_2.3A and Z1_2.3B (highly variant D17Z1 arrays), HSA17 was very stable. However, when the cen-
tromere was assembled on D17Z1 arrays that had moderate or extreme variation, HSA17 was mitotically unstable. Centromere location (D17Z1—white,
D17Z1-B—gray) on each HSA17 is denoted above the plot. (B) Line Z1_4.0 had the most variant (98%), yet active, D17Z1 array in our data set, and this
HSA17 exhibited chromosome instability. The parental Z1_4.0 (Z1_4.0P) was subcloned to produce multiple, independent versions of the HSA17 (single-
cell clones, SCC); subcloning could also account for aberrant behavior in a single cell line that did not reflect inherent behavior of the HSA17. The single-cell
clones showed varying levels of chromosome instability, indicating that the unstable phenotype was inherent to this HSA17. The stability of two mouse
chromosomes (MMU9, MMU16) was measured to account for genetic background effects that might alter the stability of all chromosomes. (C)
CENPA and CENPC (Supplemental Fig. S4E) immunostaining (green) was combined with FISH using D17Z1 probe p17H8 (red) to quantitate the amount
of centromere proteins on unstable Z1_4.0. Insets show the HSA17 alone and a single channel image of CENPA staining on the HSA17. Scale bar, 15 µm. (D)
The amount of CENPA and CENPC on unstable Z1_4.0 was plotted compared to all other centromeres in the cell. Fluorescence from all centromeres (ALL
CENS) was normalized to one, and the fluorescence at Z1_4.0 was calculated according to this normalized value. The amount of CENPA at the Z1_4.0
centromere was half of the amount at all other centromeres in the cell; CENPC was reduced by more than 50%. (E) The unstable Z1_4.0 single cell clone
SSC9 also showed reduced amounts of CENPA. By comparison, the amount of CENPA on Z1_2.3B, a stable HSA17 that has a variant D17Z1 array but
assembles the centromere at D17Z1-B, was comparable to all the other centromeres in the cell (E′).
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vary less in size. Although array length cannot absolutely predict
where the centromere will be assembled, on HSA17 we observed
a trend toward an active D17Z1-B array being closer in size to the
neighboring D17Z1 array. In the context of HSA17 centromeric
epialleles, our data suggest a stochastic model of competition for
centromere proteins, in which larger alpha satellite arrays may
have an advantage at recruiting a critical mass of CENPA nucleo-
somes and centromere proteins to establish centromere identity
(Sullivan et al. 2011). This model might also explain why certain
centromeres of dicentric chromosomes are more often inactivated
(Sullivan et al. 1994).

Our finding that variant D17Z1 arrays are associated with re-
duced numbers of centromere proteinswas surprising and suggests
that alpha satellite arrays with HOR size and sequence variants
cannot effectively recruit CENPs. Alternatively, the wide range in
stability of HSA17s with variant D17Z1 arrays in our data set
may indicate that variant HORs can recruit CENPs but are unable
to maintain a critical number of molecules or cannot organize
them into a properly structured kinetochore. Differentiating be-
tween these hypotheses will be important for understanding
the impact of alpha satellite variation in de novo centromere as-
sembly versus centromere inheritance. In addition to CENPA
and CENPC, many other proteins are
constitutively associatedwith the centro-
mere (Perpelescu and Fukagawa 2011).
One of these proteins is CENPB, a DNA-
binding protein that binds to the alpha
satellite at the CENPB box, a 17-bp se-
quence motif that is found in a subset
of monomers on all human chromo-
somes except the Y (Masumoto et al.
1989; Muro et al. 1992; Haaf and Ward
1994; Ikeno et al. 1994; Ando et al.
2002). Historically, CENPB was not
thought to play a functional role in cen-
tromeric chromatin, since it is present
at both active and inactive alpha satellite
arrays (Earnshawet al. 1989; Sullivan and
Schwartz 1995). However, de novo cen-
tromere assembly of HACs depends on
CENPB-box-containing alpha satellite
DNA (Ohzeki et al. 2002; Okada et al.
2007), and CENPB is thought to posi-
tion CENPA nucleosomes and stabilize
CENPA and CENPC within centromeric
chromatin (Yoda et al. 1998; Okada
et al. 2007; Hasson et al. 2013; Fachinetti
et al. 2015). CENPB binding sites (i.e., the
number of CENPB boxes) within an array
might determine how well an array can
recruit centromere proteins and achieve
the three-dimensional structure required
for kinetochore assembly and centro-
mere function. Shorter D17Z1 arrays
with more HOR variants may have fewer
CENPB binding sites, making them func-
tionally inferior to a D17Z1-B array that
is similar in size but contains invariant
HORs. Because CENPB binding sites are
present in every human alpha satellite ar-
ray regardless of centromere function, it
is technically difficult to measure and

compare numbers of CENPB boxes within closely spaced arrays
like D17Z1 and D17Z1-B that are on the same chromosome. Im-
provements in the resolution of chromatin fibers and long sin-
gle-molecule sequencing of alpha satellite arrays will be
necessary to achieve the chromosome-specific identification need-
ed to test this hypothesis.

Long-range organization of HORs may also determine the
functional potential of an alpha satellite array. Prior investiga-
tion of three HSA17s suggested that HOR variants within
D17Z1 are clustered into subdomains (Warburton and Willard
1990). How the HOR size variants are organized on the
HSA17s with stable active, unstable active, and inactive D17Z1
arrays in our data set is unknown. If centromere establishment
relies on a homogeneous subdomain of sufficient size, then a
highly variant array may appear as many small subarrays consist-
ing of groups of 13-mers and/or groups of 13-mers with the
EcoRI SNP that may each be of insufficient size to attract or re-
tain a critical number of centromere proteins to achieve proper
kinetochore structure (Fig. 5, scenario d or e). Such irregularity
of HOR organization in D17Z1 might make homogenous
D17Z1-B a more attractive location for centromere function
(Fig. 5, scenario e).

Figure 5. Models for epiallele choice on HSA17 based on CENPB box number or D17Z1 long-range
organization. Centromere assembly on HSA17 appears to occur predominantly at large D17Z1 arrays
that contain wild-type (invariant, blue blocks) HORs (scenario a). When D17Z1 contains variant HORs
(green blocks), centromere assembly either occurs at D17Z1-B (gray blocks, scenario e) and the
HSA17 is stable, or at variant D17Z1 and the HSA17 is unstable due to reduction in CENPs (red circles).
It is not clear if variant arrays cannot recruit or cannot maintain the appropriate number of CENPs, and
the molecular basis for the reduction in CENPmolecules is unknown. Long-range organization of D17Z1
might affect CENP recruitment and binding. Large arrays with moderate variation may provide a suffi-
ciently sized domain of homogenous wild-type HORs for centromere assembly (scenario b). However,
in the cases of HSA17s that build their centromeres on variant HSA17 arrays and are unstable, CENPA
may be distributed across wild-type and variant HOR domains, the latter of which may be less efficient
at CENP recruitment/maintenance (scenario c, light red circles). Moreover, irregularity in wild-type
and variant HOR organization (i.e., interspersed subarrays of variant andwild-type HORs) may negatively
affect centromere function or CENP recruitment (scenario d). It will be important to experimentally dis-
criminate between these organizational scenarios, particularly on HSA17, in order to better understand
the spatial relationship between centromere proteins and long-range alpha satellite organization.
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Onpartially stable HSA17s that containedmoderately variant
(40%–60%) D17Z1 arrays, it is possible that the wild-type and var-
iant domainsmaybe distinctly separated (Fig. 5, scenarios b and c).
Since CENPA chromatin is only formed on a portion of an alpha
satellite (Sullivan et al. 2011), on these HSA17s, centromere pro-
teins might be preferentially associated with the domain of wild-
type rather than variant HORs (Fig. 5, scenario b). Alternatively,
CENPA chromatin might equivalently or unequally straddle the
two domains, wild-type and variant, perhaps contributing to the
reduction in HSA17 stability if centromere proteins were ineffi-
ciently maintained on the variant HORs (Fig. 5, scenario c). Of
course, the centromere formed at a given variant D17Z1 array
might reflect several of these organizational scenarios.We recently
showed that CENPA chromatin is assembled and maintained at
the same general region of alpha satellite DNA (Ross et al. 2016),
so a key question is if D17Z1 array variation disrupts the largely
static placement of centromeric chromatin on HSA17.

From these studies, we conclude that centromere identity on
at least one human chromosome is linked to the genomic compo-
sition of alpha satellite DNA and that centromere function is par-
ticularly sensitive to structural and sequence variation within an
array. Given that HSA17 is often unstable in many cancers and
also contains several oncogenes and tumor suppressor genes
(Mitelman 2000; Garcia et al. 2003), our results suggest that, like
variationwithin genic and regulatory regions, DNAvariationwith-
in repetitive sequences has functional consequences and could
predispose human chromosomes to instability and aneuploidy.
In the future, it will be important to functionally connect distinct
long-range alpha satellite configurations on other chromosomes
with centromere assembly and chromosome stability. Our work
also highlights the need for genomic resources to be directed to-
ward achieving longer, accurate sequence data and assemblies
for the repetitive regions of the human genome. Such information
will provide insight into how variation in these essential noncod-
ing regions affects basic chromosome function and, ultimately,
human disease.

Methods

Cell lines and culture conditions

Diploid cell lines included HT1080, HDF, HCT116, RPE1, CEPH
1345 lymphoblastoid cell lines (LCL), and somatic cell hybrids
lines that have been described previously (Willard et al. 1987;
Dausset et al. 1990; Warburton and Willard 1995; Maloney et al.
2012). The haploid line HAP1, derived from KDM-7 cells, was
used because it contained only one HSA17 in a human back-
ground. Cells were grown at 37°C in a humidified chamber with
5% CO2. Fibroblasts (HT1080, HDF) and somatic cell hybrids
were grown in minimum essential medium (MEM) alpha medium
(Gibco) supplementedwith 10% fetal bovine serum (FBS). Somatic
cell hybrids were also grown in the presence of 1× hypoxanthine,
aminopterin, thymidine (HAT), and 1× ouabain (2 × 10−6M). LCLs
were grown in RPMI (Gibco) supplemented with 15% FBS.
HCT116 and U-2 OS cells were grown in McCoy’s media supple-
mented with 10% FBS. HAP1 cells were grown in IMDM supple-
mented with 10% FBS. All complete media contained 1×
antibiotic-antimycotic (Gibco). Each human-mouse somatic cell
hybrid was verified to contain a single HSA17 using chromosome
arm polymorphisms (Maloney et al. 2012).

Pulsed field gel electrophoresis

Alpha satellite array sizes were estimated by PFGE and Southern
blotting using established methods (Wevrick and Willard 1989;

Mahtani and Willard 1990; Sullivan et al. 2011). High mole-
cular weight DNA was embedded in low melting point agarose
plugs and digested with restriction enzymes that cut infrequently
within alpha satellite DNA and released the arrays as one or a
few large fragments. For D17Z1 sizing, digested plugs were run
on 1% agarose gel in 1× TAE buffer. Schizosaccharomyces pombe,
Saccharomyces cerevisiae, and Hansenula wingei chromosomes em-
bedded in agarose were used as size standards (Bio-Rad CHEF
DNA Size Markers). Gels were run at 3 V/cm for 50 h at 14°C in
1× TAE buffer, using switch times of 250 sec (initial)–900 sec (fi-
nal). Cell lines containing previously sized D17Z1 were used as
controls, including a derivativeHSA17 containing a partially delet-
ed D17Z1 array and completely lacking the D17Z1-B array
(Wevrick et al. 1990).

After electrophoresis, gels were stained with ethidium bro-
mide and imaged using a UV light source. Gels were rinsed briefly
with distilled water, depurinated with 0.25 M HCl or irradiated at
600 µJ to nick large DNA, and incubated in denaturing buffer (1.5
M NaCl, 0.5 M NaOH). DNA was transferred to HyBond-N+ mem-
brane (GE Healthcare/Amersham) for 16–40 h in denaturing buff-
er. Dried membranes were UV-crosslinked (auto-crosslink setting
on Stratagene Stratalinker) and either used immediately or stored
in sealed plastic until hybridization.

Southern blotting

Probes were labeled by nick translation with digoxygenin-11-
dUTP or biotin-12-dUTP. Membranes were prehybridized for 30–
60 min in ExpressHyb buffer (Clontech) at the hybridization tem-
perature. For D17Z1 sizing, membranes were hybridized with 125–
150 ng of labeled plasmid p17H8 (a generous gift from H.F.
Willard) at 69.5°C for 16–18 h. Membranes were washed at the hy-
bridization temperature twice for 12–15 min in 2× SSC/0.1%
sodium dodecyl sulfate (SDS), followed by a single high stringency
wash in 0.2× SSC/0.1% SDS. Membranes were blocked in 1×
Western blocking reagent (Roche) in maleic acid buffer (0.1 Mma-
leic acid, 0.15 M NaCl, pH 7.5) for 2 h at room temperature, then
incubated for 30 min in blocking buffer with anti-digoxygenin-al-
kaline phosphatase (Roche, 1:1000–1:2000) or streptavidin-alka-
line phosphatase conjugate (Roche, 1:1000). Chemiluminescent
detection was performed using the CDP-Star Reagent (New
England Biolabs; 1:500 in 1× CDP-Star Dilution Buffer). In a few
early experiments,membraneswere exposed (usingmultiple expo-
sure times) to BIOMAX XAR film (Carestream) that were scanned
for quantitative analyses. Most of the Southern blots in this study
were digitally captured on the G:Box CHEMI XT4 using GeneSys
software (Syngene) for direct image analysis. Images were adjusted
(leveled to curves) and labeled in Adobe Photoshop. For presenta-
tion purposes only, blot images were reversed (black bands on
white background).

D17Z1 polymorphisms identified using PCR-restriction digestion

Genomic DNA from diploid human cell lines or somatic cell hy-
brid lines was amplified with primers (17-1A, 17-2A) that amplify
multiple bands representing different higher order repeat units
within polymorphic D17Z1 arrays (Warburton et al. 1991). Each
sample of gDNA (50–100 ng) was amplified in a 25-µL reaction un-
der the following conditions: 1 cycle of 95°C for 4min; 20 cycles of
94°C for 30 sec, 55°C for 30 sec, 72°C for 2 min; 1 cycle of 72°C for
7 min). PCR products from 2–3 separate reactions per sample were
ethanol precipitated and resuspended in 10–15 µL of molecular
grade water. To visualize HOR size variants only, 3–5 µL of purified
PCR product were run on a 1.2% agarose gel. To visualize both
HOR size and SNP variants, 1.5 µg of the purified PCR products
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were digested with EcoRI and separated on a 1.2% agarose gel.
Digital images of gels stained with EtBr or SYBR Safe were captured
at different exposure times using a G:BOX XT4 imaging system
(Syngene). Quantitative analyses of individual gel bands (white
bands or black background), equating to the proportion of each
variant in a given array, was done using the GeneSys software
(Syngene). After calibrating to the molecular weight marker, the
software automatically defined gel bands and calculated the
band intensity. Band intensities within a single lane, representing
the D17Z1 array from a single individual or single HSA17, were
converted to proportions that reflect amounts of eachHOR variant
within the specific D17Z1 array. For presentation purposes only,
blot images were reversed (black bands on white background).

Quantitation of CENPA and CENPC at centromeres using IF-FISH

To measure the amount of CENPA and CENPC on individual
HSA17s, antibodies to CENPA (custom rabbit polyclonal
D601AP, Quality Controlled Biochemical QCB) and CENPC
(mouse monoclonal 2159C5a, Abcam, ab50974) were applied to
metaphase chromosomes that were cyto-spun onto slides.
Primary antibodies were detected using Alexa Fluor 488 or Alexa
Fluor 649 secondary antibodies (Invitrogen), followed by FISH
with the directly labeled (AF594-dUTP, Invitrogen/Thermo-
Scientific) probe p17H8 that recognizes D17Z1 (Maloney et al.
2012). Images from individual metaphase spreads were collected
at the same exposure time on the DeltaVision Elite microscope us-
ing a 60× (PlanApo N.A. 1.42) or 100× (UPlanSApo N.A. 1.40) ob-
jective. Deconvolved images (conservative ratio, 10 iterations)
were projected and saved as TIFF and/or Photoshop files. TIFF im-
ages were opened in ImageJ and using a custom macro, each
CENPA and CENPC signal in the entire metaphase was segmented
after background subtraction. Integrated densities for each
CENPA/C spot were exported to Excel, andCENPA/C pairs (double
dots) representing each sister kinetochore of a single centromere
were matched and added to arrive at the CENPA/C integrated den-
sity per centromere. Average integrated densities for all centromere
pairs except the HSA17 were averaged, and this value was normal-
ized to one. Fluorescent intensity of the CENPA/C pair for HSA17
was compared to the average of all pairs to obtain a normalized ra-
tio of HSA17 CENPA/C to the amount of CENPA at all the other
chromosomes. Values were imported into GraphPad Prism 7 and
visualized as dot plots. A Student’s t-test was used to determine sig-
nificant differences between all CENPA/C and HSA17 CENPA/C
groups.
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