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The centromere is the structural unit responsible for the faithful segregation of chromosomes. Although regulation of cen-

tromeric function by epigenetic factors has been well-studied, the contributions of the underlying DNA sequences have

been much less well defined, and existing methodologies for studying centromere genomics in biology are laborious. We

have identified specific markers in the centromere of 23 of the 24 human chromosomes that allow for rapid PCR assays

capable of capturing the genomic landscape of human centromeres at a given time. Use of this genetic strategy can also

delineate which specific centromere arrays in each chromosome drive the recruitment of epigenetic modulators. We further

show that, surprisingly, loss and rearrangement of DNA in centromere 21 is associated with trisomy 21. This new approach

can thus be used to rapidly take a snapshot of the genetics and epigenetics of each specific human centromere in nondis-

junction disorders and other biological settings.

[Supplemental material is available for this article.]

The centromere is a structural unit vital for faithful segregation of
chromosomes during cell division, and destabilization of centro-
mere function results in chromosomal missegregation, genomic
instability, and aneuploidy, hallmarks of cancers as well as birth
defects. Centromere sequences are mainly composed of 171-bp
α-satellite repeat units, termed monomers, organized in a head-
to-tail fashion to form high-order repeats (HORs). Centromere ar-
rays consist ofmultipleHORs organized in tandem that can extend
for several megabases (Verdaasdonk and Bloom 2011; Hayden
2012; Hayden and Willard 2012; Aldrup-Macdonald and Sullivan
2014; Supplemental Fig. S1). Interestingly, during human evolu-
tion, the HORs became homogeneous in each centromere core;
today, HORs of a given centromere array are 98–100% similar/
identical, but there is only ∼75% similarity among centromere ar-
rays on different chromosomes (Choo et al. 1989; Vissel and Choo
1992; Jørgensen 1997; Roizès 2006). The α-satellite monomers are
only 50–70% similar across the centromeres (Aldrup-MacDonald
and Sullivan 2014). Although the sequences of HORs within a
centromere array can be as much as 98% similar, the constituent
monomers of each HOR may show 20–40% divergence among

themselves (Waye and Willard 1986b). In general, the landscape
of the centromere is delineated by the large α-repeat arrays.
Repetitive sequences represent a major challenge when assembl-
ing centromere sequences; thus, human centromeres remain sig-
nificant gaps in our knowledge of human genomics (Zeitlin
2010; Hood and Rowen 2013).

Toward the periphery of the centromere (the pericentro-
mere), the sequence is more diverse, with smaller arrays or mono-
mers of alphoid and other repeats, as well as transposon-like
elements (Bersani et al. 2015; Miga 2015). Two of these elements
are the human endogenous retroviruses K111 and K222, identified
by our group (Supplemental Fig. S1; Contreras-Galindo et al. 2011,
2013; Zahn et al. 2015). It had previously been hypothesized that
∼30% of pericentric sequences originated from segmental duplica-
tions in centromeric regions within chromosomes, many of which
then subsequently duplicated interchromosomally (Horvath et al.
2003; Kirsch et al. 2005), and we have recently provided evidence
that this is indeed the case with K111 and K222 (Contreras-
Galindo et al. 2013; Zahn et al. 2015). These elements have helped
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us understand the changes pericentromere sequences have under-
gone, shedding light on substantial recombination between differ-
ent centromeres during evolution, areas of the genome often
thought to be recalcitrant to the exchange of genetic material
(Talbert and Henikoff 2010).

Studies aimed at understanding human centromeres to date
have primarily focused on the epigenetic components that orches-
trate centromere function (Amor and Choo 2002; Burrack and
Berman2012).CENPA, ahistone-3-like protein that is only deposited
at functional centromeres, is a key epigenetic factor that determines
centromere identity and propagation. CENPA nucleosomes also
serve as a platform for kinetochore formation (Supplemental Fig.
S1). CENPA can establish functional neocentromeres at ectopic loca-
tions that lack canonical centromeric DNA sequence (e.g., human α-
satellite repeats) (Amor andChoo2002; Stimpson and Sullivan 2010;
Burrack and Berman 2012; Scott and Sullivan 2014). However, neo-
centromere formation in humans has been documented only spo-
radically, in particular in a few developmental defects and cancers
(Amor and Choo 2002; Mackinnon and Campbell 2011; Burrack
and Berman 2012). CENPA nucleosomes at functional centromere
sequences interact with CENPB, a protein that binds specifically to
CENPB boxes, 17-nt sequences present in the majority of α-re-
peats, to stabilize CENPA nucleosomes (Supplemental Fig. S1;
Ohzeki et al. 2002; Rosandic ́ et al. 2006; Fachinetti et al. 2015,
Fujita et al. 2015). The centromere protein CENPB also stabilizes
and maintains cohesion between sister chromatids in pericentric
heterochromatin, a separable function that is also required for
proper chromosome segregation (Tanno et al. 2015).

Recent studies have suggested that centromere sequences,
and potentially cognate RNA transcripts, contribute to centromere
function and propagation, in addition to epigenetic mechanisms
(Malik and Henikoff 2009; Maloney et al. 2012; Biscotti et al.
2015; Henikoff et al. 2015). Henikoff and colleagues have shown
that in CENPA alphoid nucleosomes, CENPB/CENPC linkers
bind to DNA boxes every other ∼340-bp of alphoid sequence,
which is precisely wrapped around CENPA in two 100-bp seg-
ments, thus demonstrating a link between the genetic and epige-
netic processes that directly affect centromere biology (Henikoff
et al. 2015). The occupancy of CENPA and CENPB diminishes
toward the pericentromere, where H3 trimethylated at lysine 9
(H3K9me3) becomes the major epigenetic mark and is found in
the chromatin associated with pericentromeric elements such as
K111 and K222 (Supplemental Fig. S1; Contreras-Galindo et al.
2013; Zahn et al. 2015). Centromeric protein marks have evolved
tomaintain their binding affinity for the constantly changing cen-
tromere α-repeats (Malik and Henikoff 2009). Thus, like epigenetic
factors, canonical centromere DNA sequences indeed appear to be
necessary for centromere function.

Methods for studying the variation of centromere arrays
have relied primarily on Southern blot. Using this method,
alphoid arrays have been shown to exist in different lengths in
the human population (Alexandrov et al. 2001; Liehr 2013).
However, Southern blots are laborious, time-consuming, and
require large amounts of DNA, and thus are not well-suited to effi-
ciently studying the evolution of multiple individual centromeres
in health and disease. To overcome this obstacle, we developed
rapid, PCR-based methods to specifically detect and quantitate
the length and abundance of satellite arrays, and now can success-
fully identify the main alphoid arrays characteristic of 23 of 24
human centromeres simultaneously (centromere 19 being the ex-
ception). These 30-min assays can be used to successfully study the
dynamics and evolution of human centromere sequences within a

time frame that enables widespread analysis. We also developed
PCR assays to study pericentromere-specific K111 and K222 se-
quences, which enable us to examine the evolution of humanperi-
centromeres (Contreras-Galindo et al. 2013; Zahn et al. 2015).

Results

Real-time PCR assays to study human centromeres

In order to develop specific markers for the major centromeric ar-
rays and understand their structure and function, we performed a
systematic analysis to identify specific DNA variations in every
major α-repeat array and design primers for PCR assays. The PCR
assays amplify sequences within the monomers of each array. By
convention, the nomenclature of these α-repeat arrays starts
with the letter D, followed by the chromosome number in which
they reside (1–22, X or Y) as determined by fluorescent in situ hy-
bridization (FISH), followed by a Z, and then a number indicating
the order in which the sequence was discovered. We developed
rapid qPCR assays for these unique markers, enabling us to detect
and estimate the abundance of α-repeats in each array of the cen-
tromere of 23 of the 24 human chromosomes (Fig. 1; also see dis-
cussion below). These arrays have been previously assigned to the
centromeres of specific chromosomes by FISH studies (Liehr 2013).
We further developed an assay to detect the array p82H that is
present in all human centromeres (Mitchell et al. 1985). To verify
the specificity of the PCR assays, we used DNA from somatic
rodent/human hybrids, each hybrid containing one single human
chromosome. The primers and probes used in this study are given
in Supplemental Tables 1 and 2. In some cases, the PCR assays
detected arrays previously reported to exist in a unique chromo-
some on another chromosome, albeit with low levels of detection
(Supplemental Table 2). This was particularly interesting in DNA
from Y, where we detected α-repeat arrays from Chromosomes
1, 5, and 19 (D1Z7/D5Z2/D19Z3), Chr 4 (D4Z1), Chromosomes
5 and 19 (D5Z1/D19Z2), Chr 7 (D7Z1), Chr 9 (D9Z4),
Chromosomes 13 and 21 (D13Z1/D21Z1), Chr 17 (D17Z1), and
Chr 18 (D18Z1 and D18Z2) (Supplemental Fig. S2; Supplemental
Table 2). The existence of these α-repeat arrays in Y was verified
by sequencing the PCR products. These findings suggest that Chr
Y may have exchanged material relatively frequently with the
centromeres of somatic chromosomes during human evolution.

The identification of specific markers was challenging for
certain human chromosomes with homologous centromeres. For
example, Chromosomes 1, 5, and 19; 4 and 9; 13 and 21; and 14
and 22 contain centromere sequences with 99%–100% similarity
(Hayden 2012). However, by targeting specific nucleotide se-
quences found in themonomers of a given array that are not found
on other centromere arrays, optimizing PCR conditions, or using
locked nucleic acid (LNA) technology (Ballantyne et al. 2008),
we successfully designed assays for these centromeres. We further
screened α-repeat arrays identified recently and annotated in the
most recent human genome assembly, hg38, for centromeres 13,
14, 21, and 22 (Miga et al. 2014; Miga 2015). We identified some
of these α-repeat arrays as uniquely existing on either centromere
14 or 22 (Supplemental Fig. S3), enabling us to design highly
specific PCR reactions for the arrays of Chromosomes 14 and 22
also. We developed assays using LNA technology that successfully
discriminate between the arrays D13Z1 and D21Z1 in centromeres
13 and 21 (Supplemental Figs. S4, S5).

Thus far, we have developed qPCRs to study α-repeat arrays
for every human chromosome except Chromosome 19 (Liehr
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2013; Miga et al. 2014; Miga 2015). Most of the PCR assays de-
signed targeted the largest α-repeat array found in the centromere
core of each chromosome, and therefore the one most likely to
establish a kinetochore (arrays D1Z7/D5Z2, D2Z1, D3Z1, D4Z1,
D5Z1, D6Z1, D7Z1, D7Z2, D8Z2, D9Z4, D10Z1, D11Z1, D12Z3,
D13Z1/D21Z1, D14Z1/D22Z1, D15Z3, D16Z2, D17Z1, D17Z1b,
D18Z1, D18Z2, D20Z2, DXZ1, and DYZ3) (Liehr 2013; Miga
et al. 2014; Miga 2015). We also developed assays specific for peri-
centromeric arrays that surround the larger centromere arrays in
the core (D1Z5, D13Z2, D13Z3, D13Z6, D13Z7, D13Z8, D13Z9,
D14Z2, D14Z3, D19Z4, D19Z5, D22Z4, and D22Z5; see
Supplemental Table 2) (Liehr 2013; Miga et al. 2014; Miga 2015).

K111 exists in the pericentromeres (likely at the centromere/
pericentromere border as K111 associates withCENPA andCENPB,
but also with H3K9 trimethylated chromatin) of 15 human chro-
mosomes. K222 exists in the pericentromere of nine human chro-
mosomes, which contain K111 proviruses as well. We developed
PCR assays to quantitate these proviruses and use these markers
to study pericentric regions. Therefore, we can now rapidly assess
specific changes at the centromeric core and at the pericentromere
in nearly all human centromeres.

Validation of PCR-based techniques to identify specific

centromeres

In order to validate the accuracy of our new approach, we first used
our PCR assays that quantitate the abundance of α-repeats in each
array to determine the size of each centromere array in DNA isolat-
ed from the peripheral blood lymphocytes of five individuals
(Supplemental Fig. S6). The assays show that arrays at the centro-
mere core are larger than arrays at pericentromere loci. The PCR
assays also show that the lengths of these arrays vary in these indi-
viduals. An estimate of the average of the size of each array in these
subjects is shown in Table 1. Interestingly, as previously noted by
others, the sizes of the arrays do not correlate significantlywith the
size of the chromosomes (for review, see Liehr 2013).

To gauge the size of these arrays using a parallel method, and
to confirm the accuracy of the PCRmethodology, we developed an
in silico analysis approach using sequences generated by The 1000
Genomes Project (Supplemental Fig. S7; The 1000 Genomes
Project Consortium 2015). These analyses validated our PCR data
(Table 1). We observed a strong correlation between the average
numbers of α-repeats in each array as determined by PCR and by
in silico analysis (Fig. 2). We also correlated the numbers of α-re-
peats detected by PCRwith the average number in each array as de-
termined by Southern blotting analysis as reported in the literature
(Table 1; Liehr 2013) and found a strong positive correlation
as well (Fig. 2). We also found a positive correlation (r = 0.7345,
P < 0.0001) (Supplemental Fig. S8) with the PCR data and estimates
of centromere array size generated by the PERCON analysis,
the most recent analysis of the human assembly (Table 1;
Supplemental Text; Miga et al. 2014; Shepelev et al. 2015). Our
PCR assays thus rapidly and accurately determine the size and var-
iation of human centromeres and correlate well with next-genera-
tion sequencing (NGS) data and Southern blotting analysis.

We further validated the specificity of centromere PCR
assays by assessing the content of arrays in Chromosomes X and
Y, which of course vary between female and male populations
(Supplemental Text; Supplemental Fig. S9), finding results consis-
tent with the gender of each individual. We were also able to
infer aneuploidy in trisomy 8, 18, and X (Supplemental Fig. S9).
As centromere transcripts have been increasingly found to be of

Figure 1. Detection of centromere α-repeat arrays in individual human
chromosomes. Representative α-repeat arrays in each human chromo-
some (y-axis) were detected and the number of repeats quantitated by
qPCR using specific primers. Gel electrophoresis of qPCR products ampli-
fied from DNA of human/rodent hybrid cells, with each hybrid cell con-
taining only one human chromosome (displayed on the x-axis). DNA
from rodent parental mouse or hamster cells is included to control for
cross-species hybridization of repeats along with human DNA isolated
from peripheral blood lymphocytes that served as a positive control.
Water was used as an additional negative control. Using the primers and
qPCR conditions described (Supplemental Tables 1, 2), specific centromer-
ic α-repeat arrays were identified for each human chromosome (i.e., D2Z1,
D3Z1, D4Z1…). Certain α-repeat arrays were found in two or more chro-
mosomes (i.e., D1Z7/D5Z2 in Chromosomes 1 and 5, D14Z1/D22Z1 in
Chromosomes 14 and 22, and D19Z4/D22Z6 and D19Z5/D22Z7 in
Chromosomes 19 and 21). Primers specific for the ubiquitous α-repeat
p82H amplified centromeres from all human chromosomes. Assays for
the D13Z1 and D21Z1 arrays in this figure use LNA primers as shown in
Supplemental Figures S4 and S5. The data shown in this figure are a com-
posite from experiments run over time and demonstrate the results ob-
tained once conditions for each chromosome had been optimized.
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biological importance for centromere function (Biscotti et al.
2015), we additionally used our PCR technology to delineate the
specific RNA transcripts that arise from individual centromeres
(Supplemental Text; Supplemental Fig. S10). These findings fur-
ther confirmed the utility of using the newly developed PCR assays
to study centromeric genetics with potentially important biologi-
cal implications.

Studying centromere epigenetics

The affinity of centromere proteins for binding centromeric arrays
has previously been studied in single stretched chromatin fibers or
by ChIP-seq analysis (Malik and Henikoff 2009; Sullivan et al.
2011; Maloney et al. 2012; Henikoff et al. 2015; Ross et al. 2016).
These studies measured the binding of CENPA to alphoid arrays
from Chromosomes 1, 4, 5, 7, 11, 17, 19, X, and Y, and identified
CENPB DNA boxes in all of them except for Chr Y. The question
remains as to which specific α-repeat arrays throughout the entire
genome are capable of bindingCENPA andCENPB, a question that
our simple PCR technology allowed us to address. We performed
chromatin immunoprecipitation (ChIP) assays on the human
LNCaP prostate cancer cell line using antibodies that recognize
CENPA and CENPB and measured the quantity of centromere
α-repeats. ChIP assays revealed that CENPA deposits to the centro-
mere sequence of every single chromosome at least on one centro-
mere array. CENPA deposits to the largest array in the centromere

core of every chromosome (Fig. 3A, starred arrays); these α-repeats
can therefore be classified as competent centromeric arrays as
described by Henikoff et al. (2015). Similarly, our studies expand
the list of centromere arrays that are not able to recruit CENPA.
Interestingly, all competent centromere arrays that bind CENPA
contain CENPB boxes and bind CENPB accordingly; DYZ3 in
ChromosomeY does not haveCENPB boxes (Fig. 3).When a given
chromosome has more than one α-repeat array, for example in
Chromosomes 1, 7, 17, 18, and 22, CENPA predominantly associ-
ates with the larger array (D1Z7 over D1Z5, D7Z1 over D7Z2,
D14Z1 over D14Z2, D17Z1 over D17Z1b, D18Z1 over D18Z2,
D22Z1 over D22Z4 or D22Z5). Although we cannot discriminate
between some arrays that are present in Chromosomes 1/5, 13/
21, 14/22, the ChIP assay was able to show that CENPA deposits
to the largest core arrays in these chromosomes, which are
D1Z7/D5Z2 in Chr 1 and Chr 5, D13Z1/D21Z1 in Chr 13 and
21, and D14Z1/D22Z1 in Chr 14 and 22. We also found that
CENPA binds to a lesser extent, or not at all, to α-repeat arrays in
pericentric areas (i.e., D14Z2, D19Z4/D22Z6, D19Z5/D22Z7,
D22Z4, and D22Z5). Thus, using a different and rapid technique,
our studies validated previous findings (Henikoff et al. 2015;
Ross et al. 2016) and extend these observations to many more hu-
man chromosomes. Although previous studies have determined
that CENPA occupies ∼40% of the centromere array DXZ1 in
Chromosome X (Sullivan et al. 2011), our ChIP-PCR assays esti-
mate the occupancy of CENPA on this and other centromere arrays

Table 1. Size of human centromere arrays

Centromere
repeat

Real-time PCR copies/
genome ± CV

Illumina 1000 Genomes
Project copies/genome

Southern blot average
size copies/genome

PERCON (Shepelev
et al. 2015) References

D1Z5 680 ± 0.41 749 2573 Willard and Waye 1987
D1Z7 ND 32,170 11,695 13,346 Carine et al. 1989
D2Z1 35,047 ± 0.3 26,388 36,842 11,125 Haaf and Willard 1992
D3Z1 17,137 ± 0.65 22,880 19,923 12,293 Alexandrov et al. 2001
D4Z1 949 ± 1 10,919 18,713 11,882 Mashkova et al. 1994
D5Z1 8060 ± 0.74 22,710 26,900 Hulsebos et al. 1988
D6Z1 8354 ± 0.55 21,373 17,543 7462 Sugimoto et al. 1997
D7Z1 69,502 ± 0.24 15,905 22,280 15,547 Waye et al. 1987a
D7Z2 48 ± 0.06 1090 584 Waye et al. 1987a
D8Z2 22,145 ± 0.38 16,797 14,912 10,781 Ge et al. 1992
D9Z4 20,720 ± 0.2 2657 15,789 12,450 Rocchi et al. 1991
D10Z1 14,103 ± 0.32 9030 12,865 9131 Looijenga et al. 1992
D11Z1 39,225 ± 0.33 5853 27,836 19,017 Waye et al. 1987b
D12Z3 205 ± 0.43 9598 8187 13,742 Looijenga et al. 1992
D13Z1/D21Z1 26,495 ± 0.39 16,696 13,450 3699 Trowell et al. 1993
D14Z1/D22Z1 74,037 ± 0.34 2070 13,450 Trowell et al. 1993
D15Z3 268 ± 0.63 10,145 14,619 8013 O’Keefe and Matera 2000
D16Z2 14,731 ± 0.56 30,258 11,695 11,275 Greig et al. 1989
D17Z1 916 ± 0.4 12,596 15,789 19,717 Waye and Willard 1986a
D18Z1 47,908 ± 0.21 19,852 7953 27,857 Alexandrov et al. 1991
D18Z2 2858 ± 0.45 2020 9941 Alexandrov et al. 1991
D19Z4 34 ± 0.97 15 45 Lamerdin et al. unpubl.a

D19Z5 1 1 11 Lamerdin et al. unpubl.a

D20Z2 95484 ± 0.3 12,039 5964 11,032 Baldini et al. 1992
D21Z1 9342 ± 0.18 7979 10,438 Trowell et al. 1993
D22Z4 9 ± 0.3 161 316 Miga 2015
DXZ1 6780 ± 0.1 5769 14,941 22,263 Waye and Willard 1985
DYZ3 526 ± 0.67 931 3815 1328 Tyler-Smith and Brown 1987
K111 24,474 ± 0.11 47 Contreras-Galindo et al. 2013
K222 24 ± 0.41 5 Zahn et al. 2015
p82H 32,864 ± 0.14 0 28 ? Mitchell et al. 1985
TOP3A 2 2 2 Zahn et al. 2015

Determination of the number of α-repeats in each centromere array per diploid genome as determined by real-time PCR, as measured by bioinfor-
matics analysis retrieved from The 1000 Genomes Project or the PERCON project, or as estimated in the literature. (ND) Not determined.
aJE Lamerdin, PM McCready, E Skowronski, AW Adamson, K Burkhart-Schultz, L Gordon, A Kyle, M Ramirez, S Stilwagen, H Phan, et al. (unpubl).
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to be substantially lower. This quantitative, but not qualitative,
discrepancy might be due to limitations in the immunoprecipita-
tion component of the ChIP approach.

ChIP assays of CENPB revealed that this protein binds to
all centromere arrays, except for D19Z4/D22Z6, D19Z5/D22Z7,
D22Z4, D22Z5, and DYZ3 (Fig. 3B). Previously, it was shown that
CENPB does not bind the array DYZ3 in Chromosome Y (Ohzeki
et al. 2002), which was confirmed by our results. In contrast to
CENPA, we found that CENPB binds not only to the larger arrays

but also to shorter ones. CENPB has
been found to bind to a specific 17-nt
CENPB DNA box. We verified the exis-
tence of four types of CENPB boxes
along linear sequences of these arrays
(Supplemental Sequences). We further
determined from the sequence that in
the α-repeat arrays to which CENPB
binds, CENPB boxes exist every 340-nt
sequence along the array, confirming
and extending recent observations
(Henikoff et al. 2015). Therefore, using
our rapid PCR assays, we confirmed re-
cent observations linking centromere ge-
nomics to epigenetics, and are able to
extend these findings to almost any and
all of the individual centromeres.

Centromeric instability in trisomy 21

A key reason for developing rapid and
comprehensive PCR assays to examine
each distinct human centromere is the
need to study whether these sequences
might play a role in chromosomal non-
disjunction disorders. We tested our
PCR assays that detect nucleotide substi-
tutions present in the array D13Z1 or
D21Z1, optimized through the use of
LNA technology and a molecular clamp
(Supplemental Fig. S4), in genetically
normal individuals and individuals
with trisomy 13 (Patau syndrome) or 21
(Down syndrome). These arrays were
shown to recruit CENPA and CENPB
(Fig. 3) and therefore may have a role in
chromosome segregation. As predicted,
we detected the D13Z1 array at a level
that is ∼1.5-fold higher in individuals
with trisomy 13 than in those without
the defect (Fig. 4A). Interestingly, a few
individuals with trisomy 21, but not
all, show lesser amounts of D13Z1 than
does the normal population. The num-
bers of D21Z1 specific sequences is
dramatically lower in individuals with
trisomy 21, suggesting that a loss of
D21Z1 α-repeat arrays or a partial loss of
centromere 21 DNA exists in individuals
with trisomy 21 (Fig. 4B). Although
changes in the centromere of Chr 21,
but not of Chr 13, appear to occur
commonly in the general human popu-

lation (Lo et al. 1999), our data suggest that defects in centromere
21 occur in trisomy 21.

IF-FISH to determine the extent of CENPB binding to Chr 21 in

karyotypically normal and trisomy 21 cells

As we saw that the centromere alphoid repeat D21Z1 array in
Chr 21 is shortened in trisomy 21 cells, we attempted to verify
our PCR-based findings using a different methodology, IF-FISH.

Figure 2. Positive correlation of copy number in each centromeric array as determined by qPCR assays,
in silico analysis of The 1000 Genomes Project, and by Southern blotting hybridization. (A) A bar diagram
representing the average log copy number of α-repeats in each centromeric array, of pericentromeric
proviruses K111 and K222, and of single-copy genes per diploid genome as determined by either
qPCR of the DNA from PBLs isolated from five individuals (Supplemental Fig. S6) or by in silico analysis
of The 1000 Genomes Project (Supplemental Fig. S7). The error bars in the PCR analyses indicate the var-
iation between the alpha repeat content of the DNA of five individuals, and in the bioinformatics analysis
of The 1000 Genomes Project, the error bars show the variation between ethnicities. The average values
are shown in Table 1. (B) Correlation of α-repeat copy number in each array, proviruses K111 and K222,
and single-copy genes determined by qPCR and our bioinformatics analysis (see also Supplemental Figs.
S6, S7). A discordant correlation was found in the number of K111 and p82H copies, meaning that these
sequences were detected using PCR assays but not with bioinformatics analysis. We were unable to re-
trieve all p82H sequences using in silico analysis, either due to the stringency of our analytic parameters
or technical limitations to sequencing these loci by Illumina. (C) Correlation of the copy number of α-re-
peats in each array determined by the qPCR assays to the estimated number reported in the literature.
The average values are shown in Table 1. The Pearson’s correlation coefficient and the P-value are shown.
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In chromosomal spreads, we detected Chr 21 by FISH analysis us-
ing a probe that paints Chr 21 and examined the binding of
CENPB along the CENPB boxes of Chr 21 by IF using anti-
CENPB antibodies (Fig. 5A). We then performed IF-FISH to evalu-
ate the extent of CENPB binding over Chr 21 in cells that are kar-
yotypically normal (CHON-002) and in two trisomy 21 cell lines
(5277 and 1258). We also performed the same analysis on Chr 1
(identified on the basis of being clearly the largest chromosome).
We measured the diameter of CENPB binding along the centro-
meres of Chr 1 and Chr 21 and observed that CENPB binding is
reduced in Chr 21 of trisomy 21 cells, in contrast to the size of
the CENPB stain in the karyotypically normal CHON-002 cells
(Fig. 5B). Binding of CENPB was shown to be as much as 50%
lower in trisomy 21 cells as compared to CHON-002 cells (P <
0.0001). No significant difference was found in the CENPB stain-
ing of Chr 1 in any of the cell lines evaluated. These data further
support the observationmade using our PCR assay that the centro-
meres of Chr 21 are shortened in the cells of individuals with triso-
my 21 (Fig. 4B).

Pericentric instability in trisomy 13 and 21

We assessed whether instability at the pericentromere of
Chromosome 21 exists in trisomy 21 individuals using pericentric
markers K111 and K222. We quantitated pericentric K111 and
K222 as a surrogate for pericentromere size and found that, in
contrast to the DNA of healthy individuals, people with trisomy
13 and 21 show losses in the pericentromeres (Fig. 4C). These
observations suggest that pericentromere instability or deletion
of pericentric areas is present in individuals with trisomy 13 and
21.We additionally developed an assay using LNA-modified prim-
ers to specifically detect and quantitate K111, but not K222, to
validate our findings. Indeed, K111 numbers are significantly
reduced in individuals with trisomy 21 (Fig. 4D), suggesting once
again that pericentric instability is seen in individuals with triso-
my 21. We further validated these results by sequencing and
found less diversity of K111 proviruses in trisomy 21 individuals
(Supplemental Fig. S11). Interestingly, theDNAof trisomy21 indi-
viduals contained novel K111 sequences that do not match to

Figure 3. Functional capacity of α-repeat arrays in recruiting the centromere proteins CENPA and CENPB can be assessed by PCR-based assays of cen-
tromeric DNA. ChIP was performed on LNCaP prostate cancer cells using CENPA andCENPB antibodies or controlmouse IgG antibody. The arrays towhich
centromere proteins bind were measured by qPCR in immunoprecipitated chromatin and compared to the input. (A) Occupancy of CENPA on specific
centromere arrays. At least one array in the centromere of each human chromosome recruited CENPA. CENPA antibody precipitated between 0.1 and
0.4% of every centromere array other than the array DYZ3 in Chromosome Y (0.7%). Asterisks indicate dominant arrays in each chromosome that recruit
CENPA; these arrays also represent the largest centromere core arrays in every chromosome.We do not yet have an assay to discriminate between the array
D14Z1/D22Z1, which is present in both Chr 14 and 22. A PCR assay that measures both arrays shows that D14Z1/D22Z1 indeed dominates the recruit-
ment of CENPA to centromeres 14 and 22. We do not have an assay for the larger array D19Z3 in Chr 19, which resembles D1Z7. Given that the latter
recruits CENPA, it is likely that D19Z3 similarly recruits CENPA to centromere 19. (B) Occupancy of CENPB on centromeric arrays. At least one array in
the centromere of each human chromosome (other than Y) recruited CENPB. CENPB did not bind the array DYZ3 in Y. There is a significant difference
between the amounts of D7Z2 immunoprecipitated with CENPB antibody as compared to the IgG control (P < 0.001). The existence of only one
CENPB box in a sequence of 16 alphoid repeats (Waye et al. 1987a) might explain the relatively low binding of CENPB to this array. Asterisks indicate arrays
that contain CENPB box sequences.
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known K111 sequences (Supplemental Fig. S11). Phylogenetic
analysis revealed that these sequences likely are the result of ho-
mologous recombination at pericentromere 21, further suggesting
that the role of centromeric and pericentromeric instability in the
pathogenesis of trisomy 21 requires investigation.

Discussion

The PCR-based methodology for rapidly studying centromere ge-
nomics offers substantial advantages over the previously existing
technology. Southern blotting has been previously performed us-
ing probes that detect HORs, but not singlemonomers. Estimation
of the size of centromere arrays varies with the Southern blot tech-
nique, in particular due to hybridization conditions. When using
high stringency conditions, the probe detects fewer HORs with
higher specificity, but at lower stringency the probe detects more
HORs but with the possibility of nonspecifically detecting other
arrays. Thus, Southern blot experiments performed on centromere
arrays have estimated the size of the arrays within a window of

variation roughly between 6000 and
24,000 α-repeats (Table 1; Liehr 2013).
The centromere PCR assays described in
this study detect monomers within the
HORs. The PCR assays could successfully
estimate the size of arrays that have
monomers with high sequence similari-
ty, but may underestimate the size of
arrays that are more divergent. We
optimized the PCR conditions in order
to detect as many monomers as possible
while retaining high specificity for a par-
ticular array. Our studies estimated the
size of centromeres with a variation
roughly between 0 and atmost 1800 α-re-
peats. Current NGS technologies that
also detectmonomers still fall short in re-
solving the complexity of centromere se-
quences and are certainly inefficient.
Data detailing centromere repeats are
usually excluded from NGS analysis, as
it is impossible to map small sequencing
reads of these highly repetitive sequences
unambiguously to the reference genome.
NGS methods that rely on target enrich-
ment also use blocking reagents that
eliminate repetitive sequences such as
centromeric α-repeats. Therefore, trying
to understand the evolving pattern of
individual centromere genetics in a bio-
logical setting would require a very large
and independent bioinformatics analy-
sis. In contrast, our PCR assays offer a
rapid way to analyze individual centro-
mere sequences simultaneously, and in
real-time. One potential drawback to
the PCR technologymay be that it might
not pick up α-repeats that have certain
mutations. However, the data above
from different ethnic populations thus
far indicate that these PCR assays can
be used specifically to study all centro-

mere repeats in samples from diverse populations.
The PCR assays reported here can be used to study the centro-

meres of 23 of 24 human chromosomes comprehensively in rapid
and simultaneous reactions. In contrast to the laborious tech-
niques currently used to estimate the size of single centromere ar-
rays, our assays offer the advantage of studying multiple,
individual human centromere sequences in a given biological set-
ting. Centromere-specificmarkers for Chromosome 19 remain un-
available to date, as the sequences identified so far inChromosome
19 are identical to sequences in Chromosomes 1, 5, and 21.
Identification of suchmarkers awaits further sequencing of centro-
mere 19.

We present a rapid and user-friendly way to study the genet-
ics, and hence also epigenetics, of human centromeres. We have
shown the utility of our PCR-basedmethodology in sensitively de-
lineating centromere instability and chromosomal ploidy. We
found evidence to propose the previously unsuspected hypothesis
that centromeric and pericentromeric instability may underlie
trisomy 21. We have also demonstrated that this approach can
be used to understand the transcriptional profile of the alphoid

Figure 4. Centromere and pericentromere instability in individuals with trisomy 21. Detection of
D13Z1 (A) and D21Z1 (B) variants in individuals with trisomy 13 or 21 by qPCR using LNA primers
and clamps. The copy number of each repeat variant was determined in 50 ng of DNA. (C) Detection
of K111 and K222 provirus sequences used as markers to study human pericentromeres. We have devel-
oped a PCR assay for K111 plus K222 env (C) and a PCR assay specific for K111 gag (D), in order to assess
the structural variation (length) of pericentromeres 13 and 21 in DNA from healthy individuals and indi-
viduals with trisomy 13 or 21. The K111 + K222 assay (C) can predict the length of pericentromeres 13
and 21, whereas the K111-specific PCR (D) can predict the length mostly of pericentromere 21. In con-
trast to healthy individuals, loss of pericentromeric K111 sequences was seen in the DNA of individuals
with trisomy 21. Statistical significance among the groups was calculated using the t-test. (∗∗∗∗) P-values
<0.0001 are shown.
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repeats of each chromosome. Further, we show that this method
can be applied to a specific and genome-wide approach to
important questions in the vital field of centromere epigenetics.
As these PCR-based techniques can address the fate of specific cen-
tromeres in a manner resembling real-time, they can be applied to
understanding the role that specific centromeric genomicelements
play in development and perhaps in the evolution of malignancy.

Methods

Real-time qPCR

Copy numbers for each centromeric array (number of α-repeats in
each array), proviruses K111/K222, and single-copy genes were
measured by qPCR using specific primers and PCR conditions as
described in Supplemental Tables 1 and 2. PCR amplification prod-
ucts were confirmed by sequencing. The qPCR was carried out
using the FastStart Universal SYBR Green Master mix (Rox)
(Roche) with an initial enzyme activation step for 10 min at
95°C and 16–25 cycles consisting of 15 sec of denaturation at
95°C and 30 sec of annealing/extension at the temperature report-
ed in Supplemental Table 2. The copy numberwas estimated using

serial dilutions of plasmids containing the PCR amplicon. The
DNA copy number of each plasmid was estimated by reading the
DNA concentration of the plasmid at a wavelength of 260 nm us-
ing UV spectrophotometry. Serial dilution of these plasmids of
known copy number served as calibrators for standard curves to es-
timate the number of copies of DNA per sample. The specificity of
the qPCR assay detecting the centromere of unique chromosomes
was assessed using DNA samples from human/rodent cell hybrids,
each one containing a single human chromosome. Quantitation
of the single-copy genes TOP3A, DEK, and CCR5 was assessed
by qPCR in 40 cycles consisting of 15 sec of denaturation at
95°C and annealing/extension of 30 sec at 60°C. The copy number
of single-copy genes was calculated using serial dilutions of puri-
fied plasmid containing the target PCR amplicon as described
above. The relative copy number of α-repeats in each array per hu-
man diploid genome was estimated in reference to the quantita-
tion of the gene TOP3A, which exists as a single copy in the
human genome (Hanai et al. 1996). The relative copy number
was calculated by dividing the number of copies obtained by
qPCR by the number of copies of TOP3A detected in equal
amounts of cellular DNA.

The Supplemental Methods includes additional information
on the DNA and RNA samples, analysis of centromere transcription

Figure 5. Reduced CENPB binding to the centromere of Chr 21 in trisomy 21 cells. IF-FISH analysis to determine the binding of CENPB (IF) on Chr 21. (A)
IF-FISH analysis of CENPB binding (red) on Chr 21 (identified by FISH, green) or Chr 1 (identified by large size) in chromosomal spreads stained with DAPI
(blue). Karyotypically normal CHON-002 cells and trisomy 21 5277 cells are shown. (B) The diameter of CENPB binding sites along Chr 21 was measured
using the NIS-Elements software in a NIKON microscope in CHON-002 cells and trisomy 21 cells isolated from Subjects A 1258 and B 5277. A statistically
significant difference in CENPB binding along Chr 21 was found between the karyotypically normal cell line CHON-002 (n = 126) and the trisomy 21 cells
lines 5277 (n = 141) or 1258 (n = 25) (P < 0.0001). No significant differences were found in CENPB binding in Chr 1. The insets show examples of the mea-
surement of CENPB staining in Chromosomes 1 and 21 in trisomy 21 cells.
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by qRT-PCR, description of ChIP and IF-FISH experiments, ampli-
fication and sequencing analysis of K111, qPCR analysis to differ-
entiate centromere 13 from centromere 21 using LNA technology,
and NGS analysis of centromere sequences.

Data access

The sequences generated in this study have been submitted to
the NCBI Nucleotide database (http://www.ncbi.nlm.nih.gov/
nuccore) under accession numbers MF624880–MF625017.
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