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Human centromeres are defined by megabases of homogenous
alpha-satellite DNA arrays that are packaged into specialized chro-
matin marked by the centromeric histone variant, centromeric pro-
tein A (CENP-A). Although most human chromosomes have a single
higher-order repeat (HOR) array of alpha satellites, several chromo-
somes have more than one HOR array. Homo sapiens chromosome
17 (HSA17) has two juxtaposed HOR arrays, D17Z1 and D17Z1-B.
Only D17Z1 has been linked to CENP-A chromatin assembly. Here,
we use human artificial chromosome assembly assays to show that
both D17Z1 and D17Z1-B can support de novo centromere assembly
independently. We extend these in vitro studies and demonstrate,
using immunostaining and chromatin analyses, that in human cells
the centromere can be assembled at D17Z1 or D17Z1-B. Intriguingly,
some humans are functional heterozygotes, meaning that CENP-A is
located at a different HOR array on the two HSA17 homologs. The
site of CENP-A assembly on HSA17 is stable and is transmitted
through meiosis, as evidenced by inheritance of CENP-A location
through multigenerational families. Differences in histone modifi-
cations are not linked clearly with active and inactive D17Z1 and
D17Z1-B arrays; however, we detect a correlation between the pres-
ence of variant repeat units of D17Z1 and CENP-A assembly at the
opposite array, D17Z1-B. Our studies reveal the presence of centro-
meric epialleles on an endogenous human chromosome and suggest
genomic complexities underlying the mechanisms that determine
centromere identity in humans.
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he centromere is an essential locus required for chromosomal
attachment to the spindle and chromosomal movement during
cell division. Several lines of evidence support epigenetic mecha-
nisms of eukaryotic centromere specification. First, DNA sequen-
ces are different among centromeres within the same and different
organisms. On dicentric chromosomes that contain two regions of
centromeric DNA, one centromere often is inactivated, suggesting
that DNA sequence alone is insufficient for centromere function.
An important epigenetic determinant of centromere identity is the
centromeric histone, centromeric protein A (CENP-A)/centro-
meric histone 3 (CENH3), a histone H3 variant that is enriched
within centromeric nucleosomes at endogenous centromeres (1-3)
but is absent from inactive centromeres of dicentric chromosomes
(4, 5). CENP-A/CENHS3 distinguishes the centromere from the
rest of the genome by contributing to uniquely organized chro-
matin that exists as alternating domains of CENP-A/CENH3 and
H3-containing nucleosomes (6, 7). CENP-A/CENH3 is thought to
establish epigenetic memory so that at each cell cycle, centromeric
nucleosomes containing CENP-A/CENH3 are replenished, pre-
sumably by the CENP-A/CENH3 chaperone Holliday junction-
recognition protein (HJURP) (8, 9). CENP-A chromatin serves as
a platform for recruitment of other centromere proteins (10).
Endogenous human centromeres are composed of sequence
alpha-satellite DNA, a 171-bp monomeric repeat that is present in
thousands of copies on each chromosome. A genomic basis for
centromere specification stems from the ability of alpha-satellite
DNA to assemble de novo centromeres when introduced into
cultured human cells (11, 12). At each centromere, alpha-satellite
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monomers are arranged tandemly. A defined number of mono-
mers comprise a higher-order repeat (HOR) unit that then is re-
peated hundreds to thousands of times, producing highly
homogenous arrays that are 97-100% identical. Most Homo sa-
piens chromosomes (HSA) are thought to have a single homoge-
neous alpha-satellite array. However, some chromosomes, such as
HSA1, HSAS, HSA7, and HSA1S5, have two or more distinct arrays
that are each defined by different HORs (13-15). On HSAS and
HSA7, the two alpha-satellite arrays are separated by up to
a megabase. HSA17 also has two directly adjacent alpha-satellite
arrays, D17Z1 and D17Z1-B. D17Z1-B is positioned toward the
short arm (16, 17). D17Z1 is accepted as the functional centromere
on HSA17, based on the demonstration that synthetic and cloned
D17Z1 sequences efficiently seed de novo centromere assembly
(11, 18).

However, the functional significance of D17Z1-B, the second
HOR array on HSA17, is currently unknown. To better understand
this second higher-order alpha-satellite array on HSA17, we tested
for centromere function associated with D17Z1-B in various bi-
ological contexts. We show that D17Z1-B is able to support CENP-
A assembly independently in vitro and in vivo and that, on a given
HSA17, CENP-A assembly at D17Z1 or D17Z1-B is mutually
exclusive. We also explored the stability and heritability of cen-
tromere assembly at D17Z1 or D17Z1-B by tracking the CENP-A
position on HSA17 through multigenerational families.

Results

Two Distinctive Higher-Order Alpha-Satellite Arrays on HSA17. D17Z1
is the larger, extensively studied array on HSA17. It is comprised
of a 16-monomer (16-mer) HOR unit, whereas D17Z1-B is
composed of a 14-mer HOR (16, 19) (Fig. 1). D17Z1 and D17Z1-
B share only 92% sequence identity (16) and can be distinguished
by FISH, Southern blotting, and PCR under high-stringency con-
ditions. FISH on metaphase chromosomes indicated that D17Z1
and D17Z1-B are arranged contiguously (Fig. 1). Because of the
proximity of D17Z1 and D17Z1-B, we also used extended chro-
matin fibers to evaluate their long-range organization on in-
dividual HSA17s from several cell lines (Fig. 1, Fig. S14, and Table
S1). We confirmed that within the HSA17 centromere, D17Z1 and
D17Z1-B are distinct and juxtaposed, with D17Z1-B oriented
toward the short arm.
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Fig. 1. Genomic organization of HSA17 centromere. (A) HSA17 contains two
HOR alpha-satellite arrays, D17Z1 (red) and D17Z1-B (green), that can be
identified by high-stringency FISH. D17Z1-B is located on the short (p) arm side
of the centromere. (B) Stretched chromatin fibers hybridized with D17Z1 (red)
or D17Z1-B (green) FISH probes confirm that the two arrays are juxtaposed. (C
and D) D17Z1 primarily contains reiterated HOR units composed of 16 in-
dividual 171-bp alpha-satellite monomers that are tandemly arranged. Overall,
the array is estimated to cover 2-4 Mb. The HOR of D17Z1-B contains 14
monomers, and the entire array is estimated to be one-fourth the size of
D17Z1. (Scale bar: 10 microns.)
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D17Z1 and D17Z1-B Support de novo Centromere Assembly Inde-
pendently. When introduced into human cells, cloned or synthetic
arrays of D17Z1 are efficient substrates for de novo centromere
assembly (11, 20). However, it was not known if D17Z1-B also
could be an efficient centromeric substrate. We used human arti-
ficial chromosome (HAC) assays to test the ability of D17Z1-B to
form de novo centromeres independently. We identified two BACs,
RP11-285M22 (158 kb) and RP11-458D13 (149 kb), containing 20
kb of D17Z1-B and ~130 kb of monomeric alpha-satellite DNA
(16). RP11-285M22 was subcloned further to produce a 60-kb
construct, RP11-285M22Pmll, containing ~19 kb of D17Z1-B
(eight HOR units) and 31 kb of monomeric alpha-satellite. The
three BACs were transfected independently into HT1080 cells.
RP11-354P13, a BAC containing D17Z1, and RP11-971021Swal,
containing 55 kb of DXZ1 (HSAX alpha-satellite), were used as
controls for HAC formation (Table S2) (21). D17Z1 and DXZ1
constructs formed HACs at previously reported frequencies (i.e.,
>20% of cell lines contained HACs) (Table S2) (11, 21). Of the
D17Z1-B transfected lines, 58 were analyzed by FISH for the
presence of extrachromosomal structures that were DAPI positive
and hybridized with the BAC backbone and D17Z1-B probes but
not with D17Z1. A HAC was observed in 28 of the 58 lines (48%)
(Fig. 2 and Tables S2 and S3). In 18 of the 28 lines (30%), a HAC
was present in >20% of the spreads, suggesting these were the most
stable de novo chromosomes. Notably, HAC formation was most
efficient using the construct containing the least amount of mo-
nomeric alpha-satellite. Several lines also were analyzed by CENP-
A immunostaining-FISH (Fig. 2); CENP-A colocalized with the
alpha-satellite probe on the HAC in >90% of spreads. HACs also
were stable for >30 d when grown in the absence of selection. These
results indicate that D17Z1-B independently can form HACs that
contain functional centromeres, recruit centromere proteins, and
segregate faithfully in mitosis.

CENP-A Assembly on HSA17 Reveals Functional Epialleles. The HAC
experiments indicated that in vitro both D17Z1 and D17Z1-B in-
dependently support centromere assembly. However, it was un-
clear if these functional properties exist in vivo, so we determined
the location of CENP-A on HSA17 in 31 cell lines (Table S1). The
site of CENP-A was assigned using CENP-A immunostaining-
FISH (Fig. 3). To ensure that D17Z1 and D17Z1-B could be dis-
tinguished easily on condensed metaphase chromosomes, pro-
liferating cell cultures were treated with ethidium bromide or were
centrifuged at a lower cell concentration to obtain extended met-
aphases and mechanically stretched chromosomes. After CENP-A
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immunostaining and cohybridizing with FISH probes specific for
D17Z1 and D17Z1-B, metaphase images were assessed visually
and analyzed using a custom chromosome analysis script (22) that
plots fluorescence intensities along the chromosome. Overlap of
the CENP-A curve with the D17Z1 or D17Z1-B curves was
recorded (Fig. S1B). Most HSA17s in the cell lines studied showed
localization of CENP-A at D17Z1 (Fig. 34). Surprisingly, we ob-
served that ~25% of individuals or cell lines were functionally
heterozygous for the CENP-A location on HSA17 (Fig. 3 B and C
and Table S1). [A functional heterozygote was defined as a diploid
line in which CENP-A was located at D17Z1 (CENP-A*") on one
HSA17 homolog and at D17Z1-B (CENP-A“"") on the other
HSA17.] The remaining 75% of individuals studied were func-
tionally homozygous for CENP-A%!, We have not yet identified an
individual or cell line in which CENP-A was located at D17Z1-B on
both HSA17 homologs.

To support the cytological studies, we also used ChIP with
CENP-A antibodies and primers specific to D17Z1 and D17Z1-B
(Fig. 4 and Fig. S2). Five diploid cell lines were studied (FIBL1,
FIBL2, FIBL4, CEPH1345-11, and CEPH1345-13). Of these,
CENP-A was enriched at D17Z1 in the two lines FIBL2 and
CEPH1345-13 (Fig. 44 and Fig. S2B). However, ChIP showed
nearly equal enrichment of CENP-A on both arrays in lines FIBL1
and CEPH1345-11 (Fig. 44 and Fig. S2B). In FIBLA4, CENP-A
appeared to be more enriched on D17Z1 than on D17Z1-B, but
immunostaining revealed this enrichment was misleading because

A
trans- G418S single colony FISH &
fection selection isolation ~CENP-A IF
| | | | I growth w/o selection

1 3 15 22 30 60
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DAPI CENPA D17Z1-B

Fig. 2. HAC assays confirm that D17Z21-B can form de novo centromeres. (A)
Schematic of HAC assay. BAC constructs containing large D17Z1-B (or D1721
control) sequence inserts and a neomycin-selectable marker were introduced
into proliferating human HT1080 cells. After 2-3 d, cells were grown in
medium containing G418 sulfate (G418S). By day 15, drug-resistant colonies
were isolated and expanded to evaluate centromere assembly. (B) FISH with
probes to BAC vector, D17Z1, and D17Z1-B shows that the HAC (arrowhead)
hybridizes only with D17Z1-B and BAC probes. Endogenous HSA17s are
denoted by arrows. B shows a merged image; B’ shows DAPI staining only; B
shows BAC (blue), D17Z1 (red), and D17Z1-B (green). (C) Single-channel
images of B showing that only the HAC contains BAC and D17Z1-B sequen-
ces. C shows BAC; C’' shows D17Z1-B; C"’ shows D17Z1. (D) CENP-A immu-
nostaining and FISH showing that the D17Z1-B-derived HAC (green)
assembles a kinetochore, as denoted by CENP-A (red). D’ is DAPI staining.
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Fig. 3. Identification of centromeric epialleles on HSA17. (A) FISH for D1721
(red) and D17Z1-B (green) was combined with CENP-A immunostaining to
determine the CENP-A location in the diploid line GM08828. CENP-A was
located at D17Z1 on both homologs (H1 and H2). (B and C) CENP-A immu-
nostaining and D17Z1/D17Z1-B FISH were performed on line FIBL1 (B) and
line FIBL3 (C). In both lines, CENP-A was located at D17Z1 (red) on H1 but at
D17Z1-B (green) on H2. (Scale bars: 5 microns in A-C.) (D) Extended chro-
matin fibers from line FIBL1 confirmed the CENP-A location (blue) at D17Z1
(red) on H1 and at D17Z1-B (green) on H2. (Scale bars: 15 microns for H1; 5
microns for H2).

the line is hypertetraploid. It contains three copies of HSA17 that
have CENP-A at D17Z1 and one copy of HSA17 that has CENP-
A at D17Z1-B. Analysis of FIBL3, the diploid parental line of
FIBLA before it became tetraploid, showed that this line originally
existed with CENP-A at D17Z1 on one HSA17 and at D17Z1-B
on the other homolog (Fig. 3C and Table S1). In several instances
the ChIP results would have been confusing to interpret in the
absence of metaphase immunostaining. However, using both
methods, we were able to determine that enrichment of CENP-A
at D17Z1 and D17Z1-B in diploid lines represented the presence
of distinct functional alleles on the two HSA17 homologs: CENP-
A%! on one homolog and CENP-A%*""® on the other. These studies
reveal that CENP-A assembly in normal individuals can occur
naturally at either D17Z1 or D17Z1-B on HSA17. Collectively,
the HAC and in vivo CENP-A assignment experiments support
the existence of functional centromeric polymorphisms, or epi-
alleles, at an endogenous human centromere.

CENP-A Assembly at D17Z1 or D17Z1-B Is Stably Inherited. The ob-
servation that some cell lines or individuals showed opposing
patterns of CENP-A location on HSA17 in the same nucleus
raised questions regarding the stability and inheritance of CENP-
A location and centromere function on HSA17. Although several
of these cell lines were genetically unrelated (Table S1), many
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represented individuals from Centre du Etude Polymorphisme
Humain (CEPH) families spanning three generations. These
individuals were included to evaluate inheritance of CENP-A lo-
cation on HSA17 through multiple meioses. We considered the
possibility that CENP-A might shift between D17Z1 and D17Z1-
B on one or both HSA17 homologs, particularly in functionally
heterozygous individuals. To test this notion, we focused on CEPH
family 1345 (CEPH1345) that contained functionally heterozygous
individuals in each generation (Fig. $24). The CENP-A*!"® epial-
lele was passed from the paternal grandmother to her son and at
least two grandchildren, thus suggesting that CENP-A epialleles on
HSA17 are stably inherited through meiosis. However, these cell
lines are diploid, and it was formally possible that in these lines
CENP-A location alternated on both HSA17 homologs. To ad-
dress more precisely the stability of CENP-A location in func-
tionally heterozygous lines, we separated the HSA17 homologs
from lines FIBL1 and FIBL3. The diploid lines were fused with
mouse cells to create somatic cell hybrid lines containing only
a single HSA17. Human cell lines were fused to a mouse cell line
that lacks thymidine kinase (tk). When grown on hypoxanthine-
aminopterin-thymidine (HAT) medium, the human TK gene lo-
cated on HSA17 complements the mouse mutation. Genotyping of
the diploid cell lines for a polymorphic marker (Table S4) allowed
us to verify that each HSA17 homolog had been transferred to
distinct somatic cell hybrid lines (Fig. 4B). Mouse Cenp-A immu-
nostaining and ChIP confirmed that each HSA17 homolog main-
tained the location of Cenp-A (D17Z1 vs. D17Z1-B) originally
identified in the parental diploid line. Continued growth of cells for
more than 20 cell divisions and repeated immunostaining and
FISH confirmed that the position of Cenp-A did not move over
time. We conclude that assembly of CENP-A can occur at either
D17Z1 or D17Z1-B and, once established, is stable over time in
both human cells and in a nonhuman genetic background.

Chromatin Organization of CENP-A-Associated and -Depleted HOR
Arrays on HSA17. Histone H3 methylated at lysine 4 (K4) and ly-
sine 36 (K36) generally is present within the same chromatin do-
main as CENP-A (7, 23). Chromatin containing H3K9me3 usually
is located outside the CENP-A chromatin core (7). We assayed
histone modifications at D17Z1 and D17Z1-B when each was the
active or inactive centromere. HSA17 homologs that had been
transferred to mouse—human somatic cell hybrids were studied by
ChIP for two euchromatic (H3K4me2 and H3K36me2) and two
heterochromatic (H3K9me3 and H3K27me3) modifications (Figs.
S3 and S4). All somatic cell hybrids have the same rodent back-
ground; lines differ only in the HSA17 each contains. Mouse mi-
nor and major satellite DNAs were used as controls for Cenp-A
and histone modifications (Fig. S3) (6, 24). Neither D17Z1 nor
D17Z1-B was depleted completely or enriched for histone mod-
ifications in either the active or inactive state, but some modest
differences were observed. When D17Z1 was the site of cen-
tromere assembly (i.e., lines SCHL1-H1, SCHL3-H1, Table S1), it
had slightly more H3K4me2 and H3K36me2 (Fig. S4 A and B).
However, when D17Z1-B was the functional centromere,
H3K4me2 and H3K36me2 appeared equivalently enriched at
D17Z1 and D17Z1-B (Fig. S4 A and B). H3K9me3 and
H3K27me3 also were present on both arrays (Fig. S4 C and D).
H3K9me3 appeared more enriched on active and inactive D17Z1
(Fig. S4C). These results indicate that, with the exception of
CENP-A chromatin, obvious differences in chromatin organiza-
tion are not observed between D17Z1 and D17Z1-B.

D1721 Polymorphisms and CENP-A Location on HSA17. D17Z1 con-
tains several well-characterized polymorphisms, including se-
quence variants and total number of monomers within the HOR
(25). The prevalent repeat unit is a 2.7-kb HOR, defined by EcoRI
restriction sites and consisting of 16-mers (Fig. 54). HOR size
polymorphisms range from 11-mer to 15-mer repeat units. Two
major D17Z1 haplotypes are present in humans. Haplotype I,
defined primarily as 16-mers with some 15- and 14-mers, is present
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Fig. 4. Confirmation of functional heterozygotes for CENP-A location. (A)
ChlIP analysis of diploid lines FIBL1, FIBL2, and FIBL4. In FIBL1, CENP-A was
enriched at both D17Z1 and D17Z1-B, indicating functional heterozygosity.
CENP-A was enriched at D17Z1 in FIBL2, suggesting functional homozygos-
ity. In FIBL4, CENP-A appeared more enriched on D17Z1, but immunostain-
ing of FIBL4 revealed tetraploidy for HSA17. Immunostaining of FIBL3, the
diploid version of FIBL4, showed one HSA17 with CENP-A at D17Z1 and the
other with CENP-A at D17Z1-B (Fig. 3C). (B) Homologs (H) of FIBL3 were
separated into mouse-human somatic cell hybrids. H1 and H2 were molec-
ularly distinguished from one another using PCR for a polymorphic 17q lo-
cus. (C) CENP-A location was confirmed by ChIP on each HSA17 homolog.
CENP-A was maintained stably at D17Z1 on H1 and at D17Z1-B on H2. Data
represent three independent experiments. CENP-A enrichment at the target
site is reported as percent of input shown relative to the CENP-A-negative
site mouse 5s rDNA. Error bars represent SEM.

in ~65% of HSA17s; haplotype II, containing additional 13-mers,
is present in ~35% of HSA17s (26). Haplotypes I and II are dis-
tinguished molecularly using PCR-restriction digestion, because
the 13-mer variant is in linkage disequilibrium with the restriction
site polymorphism for Dral. We noted that the distributions of
haplotype I and haplotype II were similar to the frequencies of
CENP-A at D17Z1 (~70%) vs. D17Z1-B (~30%) in the indi-
viduals in our study (Table S1), so we tested if specific D17Z1
haplotypes correlate with CENP-A location on HSA17. An 850-
bp portion of D17Z1 was PCR amplified and digested with Dral.
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The presence of the polymorphism/restriction site reduces the
850-bp product to 750 bp, and band intensities indicate relative
amounts of each repeat variant (27). In the CEPH1345 family,
the genotypes of all individuals were 16/13 heterozygotes, that is,
their HSA17s have both 16-mer and 13-mer forms of the HOR
unit. Individuals in which CENP-A was located at D17Z1 on both
HSA17s (Z1/Z1) generally exhibited more intense 850-bp bands
(Fig. 5B), whereas Z1/Z1-B individuals tended to have a more
intense lower 750-bp band. These results suggested that in
functional homozygotes, CENP-A is located at the D17Z1 arrays
with a greater proportion of 16-mers. We infer from the geno-
types of Z1/Z1-B functional heterozygotes that the location of
CENP-A at D17Z1-B may be linked to the smaller D17Z1 HOR
variant. However, all the genotyped CEPH individuals were
diploid for HSA17, so it was not possible to discriminate between
amounts and types of variants associated with a particular
HSA17. Therefore, D17Z1 haplotypes of HSA17s that had been
separated into somatic cell hybrids were determined (Table S1).
Three different HSA17s in which CENP-A was located at D17Z1
showed a predominant genotype that included only the 16-mer
HOR. However, the HSA17 that had CENP-A at D17Z1-B
exhibited both 16-mer and 13-mer forms of the HOR. Taken
together, the polymorphism data suggest that the presence of
sequence and size variants of D17Z1 may influence where CENP-
A is assembled on HSA17.

Discussion

Our studies reveal the existence of functional epigenetic poly-
morphisms, or epialleles, associated with centromere function on
HSAI17 and suggest that some endogenous human chromosomes
are arranged as structurally dicentric chromosomes. Epialleles are
influenced by environmental, stochastic, or genetic factors that
affect the plasticity by which a genotype is observed. Metastable
epialleles can affect the expression of developmental genes,
causing cell-to-cell variation in gene expression in a specific tissue
and causing visible phenotypic variations, such as mouse coat color
or plant petal color (28, 29). Obligatory epialleles arise as a con-
sequence of DNA polymorphisms that affect epigenetic mod-
ifications, whereas nonobligatory, or pure, epialleles occur inde-
pendently of genetic variation and are affected more profoundly
by environment or other external signals. In the fission yeast
Schizosaccharomyces pombe, centromeric epialleles were de-
scribed on minichromosomes containing central core and outer
repeat sequences. Minichromosomes lacking CENP-A switched
functional states in the presence of heterochromatin (30). It is not
known if CENP-A assembly at D17Z1 and D17Z1-B is controlled
by deterministic or stochastic factors. Transgenerational in-
heritance of CENP-A position strengthens the argument that
functional epialleles exist at the centromere of HSA17, and the
Mendelian inheritance of centromere function suggests de-
terministic factors. Without sequence information for individual
HOR arrays, it will be difficult to determine the mechanistic na-
ture of the epialleles.

Dicentric chromosomes typically are considered abnormal
chromosomes associated with cancers and birth defects, but HSA17
is a clear example of a normal human chromosome that is struc-
turally arranged as a dicentric chromosome in an entire species and
behaves as a functionally monocentric chromosome. Other human
chromosomes, such as HSA5 and HSA7, also have two HOR
arrays. However, unlike HSA17 in which either HOR array can
support centromere formation, only one HOR array on HSAS and
HSA?7 is always the site of centromere assembly (14). The existence
on the same chromosome of two genomically similar but func-
tionally distinct alpha-satellite arrays, either of which can be the site
of centromere assembly, raises the question of what determines the
location of CENP-A on HSA17. Total array size may influence
CENP-A assembly, so that larger arrays recruit CENP-A and other
assembly factors more efficiently. This hypothesis may be sup-
ported by our observations that CENP-A was located at what vi-
sually appeared to be a much larger D17Z1 array in SCHL1-H1 and
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B, the 13-mer and 16-mer were equally present.

SCHL3-H1 as compared with the D17Z1-B on the same chromo-
some (Figs. 1B and 3D). Conversely, on the HSA17 in SCHL1-H2
in which CENP-A was located at D17Z.1-B, the D17Z1 and D17Z.1-
B arrays visually appeared equivalent in size (FIBL1 H2) (Fig. 3C).
If D1771-B is equivalent to or larger in size than D17Z1, CENP-A
chromatin may be more likely to be assembled at this array. At
human centromeres, unordered monomeric alpha-satellite DNA is
located between the HOR alpha-satellite array and chromosome
arms. The amount of monomeric alpha-satellite separating D17Z1
from the long arm and D17Z1-B from the short arm also may
influence where CENP-A is located on HSA17.

Chromatin environment is an important factor in centromere
assembly and function. Previous studies using synthetic HACs have
shown that heterochromatin, and to a lesser extent euchromatin, is
incompatible with CENP-A assembly and maintenance of centro-
mere function (31, 32). These studies suggest that inactive cen-
tromeres, or HOR arrays that do not associate with CENP-A,
would be much more heterochromatic. More recent findings in-
dicate that there can be equal enrichment of heterochromatic
marks at active and inactive alpha-satellite arrays on HSAS and
HSA?7 in diploid primary human cells (14). Thus, it may be nec-
essary to consider both total array size and the proportion of each
array that contributes to heterochromatin and centromeric chro-
matin. CENP-A is assembled on a portion of any alpha-satellite
array, and the rest of the array is assembled into heterochromatin
(33). If D17Z1 is larger than D17Z1-B, even when it is the site of
CENP-A assembly, it may appear more enriched for H3K9me3
even though only a portion of the array is assembled into hetero-
chromatin. It will be necessary to develop methods to combine
long-range optical mapping of protein binding and accurate
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determination of the size of the alpha-satellite array to define more
precisely the relationship of histone modifications to centromere
function and suppression at this endogenous centromere.

D17Z1 and D17Z1-B are 92% identical by sequence. Al-
though D17Z1-B exists only as a 14-mer HOR (16), D17Z1
HORs often are polymorphic in size, ranging from 16-mers to as
few as 11-mers (26, 34). Such variable repeat unit lengths are the
products of the homologous unequal crossing-over that con-
tributes to homogenization of the long arrays of tandem repeats
(26). The results of D17Z1 haplotyping from the CEPH family
and the individual HSA17s isolated into somatic cell hybrids
suggest that CENP-A assembly at D17Z1-B correlates with the
presence of D17Z1 haplotype II, i.e., the presence of 13-mer
HORs. This finding implies that D17Z1 arrays containing the
shorter HOR may be less favorable for CENP-A assembly.
However, the number of HOR types varies, so some haplotype I
individuals may have more 13-mers than 16-mers, but other
haplotype I individuals may have more 16-mers and only a few
13-mers. Our studies in the multigenerational family emphasize
this variability. Because the cell lines were diploid, the pro-
portion of each type of HOR remains undetermined. Future
experiments will require analyzing individual HSA17s that have
been isolated into somatic cell hybrids to define the proportion
of 16-mers to 13-mers.

Why might an array of D17Z1 with more 13-mers be less fa-
vorable for CENP-A assembly? In individuals exhibiting haplotype
II (13-mers), a fraction of D17Z1 HORs are smaller than D17Z1-
B HORs (14-mers). These differences could affect the number
and location of CENP-B boxes, the binding site for the centro-
meric protein CENP-B. The alpha satellite-binding protein
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CENP-B is important for de novo CENP-A assembly and phasing
of centromeric nucleosomes (32, 35). The 16-mer HOR unit of
D17Z71 has six CENP-B boxes, and the 14-mer HOR of D17Z.1-B
has only three CENP-B boxes. Thus, CENP-B may be important
for positioning centromeric nucleosomes, so that D17Z1 16-mer
arrays with greater numbers of CENP-B boxes may be more
amenable for CENP-A assembly. An array of D17Z1 that contains
more 13-mers than 16-mers naturally would have fewer CENP-B
boxes. Therefore the 14-mer of D17Z1-B, with three or four
CENP-B boxes per HOR, may be a better substrate for centro-
meric chromatin assembly. Our ongoing studies to sequence long
arrays of D17Z1 and D17Z1-B should allow us to identify orga-
nizational properties of the two alpha-satellite arrays that impact
centromere assembly on HSA17.

From these studies, we conclude that centromere identity on
HSAL17 involves synergy between genomic and epigenetic pro-
cesses. This work also establishes the existence in the normal hu-
man karyotype of endogenous chromosomes that are structurally
dicentric. This finding raises questions about centromere in-
activation/repression and long-term stability of universal dicentrics.
HSAI17 is particularly interesting in this regard, because it is one of
the most unstable and rearranged chromosomes in cancers. The
establishment of HSA17 as a model for dicentric behavior will allow
further investigation into how DNA sequence and epigenetic pro-
cesses impact centromere function and repression in the context
of a normal chromosome.
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Materials and Methods

Native Chromatin Isolation, ChIP, and Quantitative PCR. Native chromatin was
incubated with protein A/G beads preconjugated to commercial human
CENP-A antibodies (ab13939; Abcam) or custom mouse Cenp-A antibodies
(AP601) using the MAGnify ChIP kit (Invitrogen). Samples were amplified
using the GenomePlex Complete Whole Genome Amplification Kit (Sigma).
Quantitative PCR (gPCR) was performed using EXPRESS SYBR GreenER gPCR
Universal Supermix and Mx3000P Q-PCR System (Stratagene) with custom
primers for D17Z1, D17Z1-B, and 5s rDNA (control) (Table S4) (32). ChIPs were
done at least three times, and PCRs were performed in triplicate. Analysis
and quantification were performed using MXPro software (Stratagene). For
all ChlPs, relative enrichment was calculated using the Percent Input Method
[100*2~(Adjusted input — Ct (IP)]. Significant enrichment was determined
using a Student'’s t test (GraphPad, http://www.graphpad.com/quickcalcs/).

HSA17 and D17Z1 PCR-Restriction Digestion Genotyping. Individual HSA17s
were distinguished by PCR analysis of the polymorphic SLC6A4 locus located
on 17q (Table S4). Genomic DNA was amplified according to previous
methods (36). PCR of the Dral polymorphic region of D17Z1 was performed
on human genomic DNA (gDNA) or somatic cell hybrid gDNA using primers
17a1 and 1702 (Table S4) exactly as described (27). Ethanol-precipitated PCR
product was digested using 80 U of Dral (R0129; New England BioLabs).
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S| Materials and Methods

Cell Culture and Somatic Cell Hybrid Construction. Human lympho-
blastoid lines were cultured in RPMI 1640 medium (Invitrogen).
Human fibrosarcoma cell line HT1080 and the primary human
dermal fibroblast cell line were cultured in Minimum Essential
Medium Alpha (Invitrogen). Human colorectal carcinoma line
HCT116 was grown in McCoy’s 5SA medium (Invitrogen). All
media were supplemented with 1x Antibiotic-Antimycotic
(Gibco, Invitrogen). Mouse-human somatic cell hybrid lines
containing a single Homo sapiens chromosome 17 (HSA17) were
constructed by polyethylene glycol fusion of human cells with
mouse thymidine kinase-deficient L cells (1). Single-cell clones
were isolated after 14 d using hypoxanthine-aminopterin-thymi-
dine selection, expanded for 1-2 wk, and examined using FISH
with chromosome-painting probes and a probe specific for alpha-
satellite array D17Z1 on HSA17. Clones containing a single
HSA17 in >90% of cells were selected for further study.

Resizing and Retrofitting BAC Constructs. RP11-285M22 was resized
from ~158 kb to ~61 kb by removing a monomeric alpha satellite
between two Pmll sites. The resulting vector, 285M22Pml1, con-
tained eight units of HOR D17Z1-B DNA. BACs were retrofitted
with selectable markers (KAN/NEO or AMP/NEO) using the EZ-
Tn5 pMOD-2 < MCS > Transposon Construction Vector (Epi-
centre Biotechnologies). The Kan/Neo resistance cassette was PCR
amplified from EGFP-c1 template by PCR (Table S2). Primers were
designed with overhangs containing EcoRI and Kpnl recognition
sites, respectively, to allow cloning into the polylinker of pMOD-2 <
MCS>. Transposition reactions were carried out according to the
instructions of the manufacturer of EZ-Tn5 Tranposase (Epi-
centre). Two microliters of the transposition reaction were elec-
troporated into TransforMax EC100 Electrocompetent Escherichia
coli (Epicentre). To avoid interruptions in alpha-satellite DNA, only
constructs in which the Tn5 cassette inserted into the vector back-
bone were selected for further use. These constructs were detected
by PCR using primers FW1/RV1 and FW2/RV2 to detect a 2-kb
increase in construct size. Increased vector size also was verified by
pulsed-field gel electrophoresis, and constructs were sequenced to
verify the entry of the Tn5SK/N cassette into vector sequences only.

In a second approach, single-step in vivo site-specific homol-
ogous recombination was used to introduce a neomycin cassette
contained on the construct pRetroES into D17Z1 or D17Z1-B
BACG:s. pRetroES contains a tac-GST-loxP-cre fusion gene that
upon transformation into competent BAC strains recombines
into the loxP site on the BAC (2). After integration, the cre gene
is disrupted at the loxP site and inactivated. The pBACe3.6 has
a wild-type loxP and a mutated form, lox511; the latter re-
combines inefficiently. Recombinant colonies were screened by
PCR (Table S2) to verify pRetroES to determine loxP or lox511
integration (2). Only retrofitted BACs containing a single pRe-
troES insertion were selected for transfection.

Transfection of HT1080 Cells with BACs Containing Alpha-Satellite
DNA. The HT1080 cell line (CCL-121; ATCC) was cultured in
Minimum Essential Medium Alpha with 10% FBS SH30071.03;
(HyClone) and 1% (vol/vol) penicillin and streptomycin or 1x
Antibiotic-Antimycotic. HT1080 cells were transfected using Fu-
gene 6 (Roche) according to the manufacturer’s instructions using
a 3:2 ratio of Fugene DNA transfection reagent:DNA complex.
Stable clones were identified after 10-14 d on the basis of their
resistance to 600 pL/mL G418 Sulfate (Mediatech Cellgro). Single
colonies were expanded to generate clonal lines for further analysis.
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FISH on Fixed Metaphase Chromosomes and Extended Chromatin
Fibers. Exponentially growing cultures were arrested in meta-
phase by treating cells with 10 ug/mL colcemid (Invitrogen) for 30—
35 min. To introduce stretching of the centromere regions of
metaphase chromosomes, 10 ug/mL of ethidium bromide (Amer-
ican Bioanalytical) was added to cultures 30 min before or con-
currently with the addition of colcemid. Stretched chromatin fibers
were prepared using published methods (3, 4). FISH was per-
formed as previously described (4, 5). Plasmid probes specific for
D17Z1 (p17HS8) (6) and D17Z1-B (p2.5-3) (both gifts of Hun-
tington Willard, Duke University, Durham, NC) were labeled by
standard nick translation with biotin 16-dUTP, digoxygenin 11-
dUTP, or Alexa Fluor 488-dUTP or 568-dUTP (Molecular
Probes, Invitrogen). To prevent cross-hybridization between D17Z1
and D17Z1-B probes, 68% (vol/vol) hybridization [68% (vol/vol)
deionized formamide, 10% (vol/vol) dextran sulfate, 1% (vol/vol)
Tween-20, 2x SSC] and washing buffers [68% (vol/vol) formamide,
2x SSC, 0.1% Tween-20] were used.

Combined Immunofluorescence and FISH. Unfixed human metaphase
chromosomes were prepared as previously described (7). Cells were
arrested in metaphase using colcemid in the presence of ethidium
bromide to limit condensation of DNA. Extended chromatin fibers
were generated as described (4). CENP-A antibodies included
commercially available monoclonal antibodies to human CENP-A
(1:400) (13939; Abcam) and custom rabbit polyclonal antibodies to
mouse Cenp-A (1:400) (AP601; QCB/Biosource).

Microscopy and Image Analysis. All images were captured using an
Olympus IX71 inverted microscope connected to the Deltavision RT
deconvolution imaging system (Applied Precision) and processed
with the Deltavision Soft WoRx Resolve3D program. Images were
deconvolved using the conservative algorithm with 10 iterations and
viewed using the quick projection option. Chromatin fibers often
extended through multiple fields of view that were collected as
separated images and merged using the Stitch Image function in
SoftWoRx (4). Metaphases were scored for colocalization of D17Z1
or D17Z1-B with CENP-A using visual and semiquantitative ap-
proaches. Lateral and axial line scans were drawn through the
centromere with a custom histogram-line plot macro in the IPLab
software program (Scanalytics) (8) that generated graphs of pixel
distance vs. signal intensity. The peaks of each curve in the graph
(D17Z1 in red, D17Z1-B in green, and CENP-A in blue) were
measured, along with the start and end pixel values of the region of
the curve above 50 fluorescence units. The proportion of CENP-A
pixels (above 50 fluorescent units) that overlapped with the D17Z1
and D17Z71-B arrays were calculated and expressed as a percentage.

Chromatin Isolation and ChIP Followed by Semiquantitative PCR.
Native chromatin containing oligonucleosomes was prepared
by micrococcal nuclease digestion as previously described (3, 4,
9). Initially, 25 pg of chromatin was incubated with 5-10 pg of
monoclonal human CENP-A antibodies (ab13939; Abcam), 5 pg
of polyclonal antibodies recognizing mouse Cenp-A (AP601)
and 100 uL protein G or A beads. One microliter of immuno-
precipitation product (IP) was used in each PCR that was per-
formed in duplicate. PCR primers were specific to D17Z1 (10,
11), D17Z1-B (Table S2), and a control site on proximal 17p
(D17S2040). Relative enrichment (RE) for CENP-A at each
position (query) was calculated using RE = [(IP/Mock)/(Input/
Mock)]query/[(IP/Mock)/(Input/Mock) |normalization- RE values from
each ChIP reaction were averaged.
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Fig. S1. Semiquantitative immunofluorescence-FISH approach for assigning the CENP-A location on HSA17 in diploid human cell lines. (A) Both HSA17s in each
cell line were examined for orientation of D17Z1 (red) and D17Z1-B (green) using two-color FISH. In all cases, D17Z1-B was located on the short arm side of the
centromere, as shown in representative HSA17 images from eight different cell lines. (B) Two examples illustrating how the custom computer script was used to
assign the CENP-A location on HSA17s from lines GM08828A and FIBL2. Immunostaining for CENP-A (blue) followed by FISH with probes for D17Z1 (red) and
D1721-B (green) was performed. Each image was analyzed using a custom line plot script in which a line was drawn down each chromatid of the chromosome
and the fluorescence units were plotted along chromosome length. The overlap of the blue curve (CENP-A) with either D17Z1 or D17Z1-B was scored. (C) Graph
showing the percentage of individual HSA17s that showed CENP-A at D17Z1 and D17Z1-B. Cell lines in which CENP-A was located at D17Z1 in 100% of the cells
analyzed showed this localization on both homologs. Cell lines such as FIBL1 and FIBL3 showed approximately 50% D17Z1 and 50% D17Z1-B localization,
meaning that CENP-A was located at different HOR repeat arrays on the two HSA17 homologs.
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Fig. S2. Variable CENP-A location in humans and stable transmission through meiosis. (A) Analysis of Centre du Etude Polymorphisme Humain (CEPH) family
1345 revealed a functionally heterozygous mother (individual 11). Her son (individual 01) inherited her HSA17 in which CENP-A was located at D17Z1-B and
passed it on to at least two of his children (individuals 06 and 07). (B) ChIP analysis of CEPH individuals showed equivalent enrichment of CENP-A at D17Z1 and
D17Z1-B in individual 11, reflecting differential location on each homolog. In individual 13, CENP-A was enriched at D17Z1, confirming functional homozy-
gosity (CENP-AZ").
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Fig. $3. ChIP data for Cenp-A and histone modifications at mouse minor and major satellite control sites in mouse-human somatic cell hybrids containing
single HSA17s. (A) Mouse minor satellite sequences in cell lines SCHL1-H1 and SCHL1-H2 (Table S1) were enriched for Cenp-A, H3K4me2, and H3K9me3, as
expected. Minor satellite DNA is the site of Cenp-A assembly. (B) Mouse major satellite sequences in SCHL1-H1 and SCHL1-H2 were less enriched for Cenp-A and
H3K4me2 but were highly enriched for H3K9me3, as expected from previous studies. Lanes 7 and 8 of A and B represent a custom mouse Cenp-A antibody used
for all somatic cell hybrid experiments. Lanes 9 and 10 of A and B represent a commercial mouse Cenp-A antibody that was only used in initial experiments.
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Fig. S4. Heterochromatin profiles of CENP-A-associated and —unassociated HOR arrays on individual HSA17s isolated into somatic cell hybrids. (A) Enrichment
of H3K4me2 at D17Z1 and D17Z1-B on two HSA17s in which CENP-A is located at D17Z1 or D17Z1-B. Bar graphs represent enrichment from at least two
independent ChlIPs that contained duplicate or triplicate samples or reactions for each antibody. PCRs were performed in triplicate. Error bars represent SEM.
Enrichment is reported as percent input relative to the control site mouse gapdh. (B) Enrichment for H3K36me2, a euchromatic modification reported to be
present within CENP-A-associated chromatin on artificial chromosomes, was enriched at D17Z1 when it was the site of CENP-A assembly. However, when CENP-
A was assembled at D17Z1-B, this HOR array was not significantly enriched for H3K36me2 compared with D17Z1. (C and D) Bar graphs represent enrichment
calculated as percent input relative to control mouse gapdh from at least two independent ChIPs. PCRs were performed in triplicate for each ChlIP. Error bars
represent SEM. (C) The heterochromatic modification H3K9me3 appeared to be more enriched at D17Z1 than at D17Z1-B, regardless of CENP-A association.
Enrichment for histone modification at the target site is reported as percent input relative to mouse gapdh. Error bars represent SEM. (D) Enrichment for
heterochromatic modification H3K27me3 revealed that D17Z1 and D17Z1-B were similarly enriched for H3K27me3 on each HSA17 examined, regardless of

which HOR array was the site of CENP-A assembly.
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Table S1.

Cell line

Cell lines included in study

Cell type

Functional centromeric status*

Source

FIBL1

FIBL2
FIBL3
FIBL4
GMO08146
GMO08828
GM13019
JK745

1345-13
1345-11
1345-10
1345-02
1345-01
1345-06
1345-07
1345-08
1345-12
1333-02
1333-12
1333-13
1333-01
1333-02
1333-11
1333-13
SCHL-13A"
SCHL-14A"
SCHL1-H1*
SCHL1-H2*
SCHL3-H1%
SCHL3-H2%
SCHL-745%

Colon cancer

Human dermal fibroblast
Fibrosarcoma (diploid)
Fibrosarcoma (hypertetraploid)
LCL
LCL
LCL
LCL

LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid

Heterozygous

Homozygous Z1
Heterozygous
Heterozygous

Homozygous Z1

Homozygous Z1

Homozygous Z1

Homozygous Z1

Homozygous Z1
Heterozygous
Homozygous Z1
Homozygous Z1
Heterozygous
Heterozygous
Heterozygous
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
CENP-AZ'
CENP-AZ'
CENP-A™'
CENP-AZ"E
CENP-AZ'
CENP-AZ"B
CENP-AZ'

B. Vogelstein (Johns
Hopkins University,

Baltimore, MD)
ATCC
ATCC
ATCC
Coriell
Coriell
Coriell

H. Willard (Duke University,

Durham, NQ)
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell

H. Willard

H. Willard

This study

This study

This study

This study

H. Willard

All mouse-human somatic cell hybrids were generated using the same L cell/thymidine kinase-deficient

mouse cell line. LCL, lymphoblastoid cell line.

*Functional centromere status is defined as homozygous Z1 (both homologs show CENP-A at Z1) or heterozy-
gous (one homolog has CENP-A located at Z1, the other homolog has CENP-A at Z1-B). No homozygous Z1-B
(both homologs have CENP-A located at Z1-B) chromosomes have been identified.

"Mouse-human somatic cell hybrid containing single HSA17 derived from GM08146.

*Mouse-human hybrid containing single HSA17 derived from FIBL1.

SMouse-human somatic cell hybrid containing single HSA17 from FIBL3.
YMouse-human somatic cell hybrid containing single HSA17 from JK745.
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Table S2. Human artificial chromosome (HAC) results using D17Z1-B constructs

No. cells with

Construct Cell line No. cells with HAC (%) integration (%)
RP11-285M22 (145 kb; 18 kb D17Z1-B)* Z1B.1 1/23 (4) 20/23 (87)
Z1B.2 0/6 (0) 1/6 (17)
Z1B.3 3/9 (33) None
Z1B.4 1/20 (5) 19/20 (95)
Z1B.5 0/26 (0) None
Z1B.6 1/30 (3) None
Z1B.7 0/20 (0) None
Z1B.8 0/30 (0) None
Z1B.9 0/25 (0) None
Z1B.10 2/50 (4) 3/50 (6)
Z1B.11 0/30 (0) None
Z1B.12 0/25 (0) None
Z1B.13 0/3 (0) None
Z1B.14 1/13 (8) None
Z1B.15 2/46 (4) 2/46 (4)
Z1B.16 0/3 (0) None
Z1B.17 0/19 (0) None
Z1B.18 0/25 (0) None
Z1B.19 0/20 (0) 3/20 (15)
RP11-458D13 (17 kb D1721-B)" 1.1 111 (9) None
1.2 0/20 (0) None
1.3 0/19 (0) None
1.4 1/18 (6) None
1.5 0/11 (0) None
1.6 2/19 (11) None
2.1 0/7 (0) None
2.2 0/10 (0) None
2.3 0/9 (0) None
2.4 4/9 (44) None
2.5 0/10 (0) None
2.6 0/10 (0) None
2.7 4/10 (40) None
2.8 8/10 (80) None
2.9 3/4 (75) None
2.10 0/7 (0) None
2.1 0/6 (0) None
2.12 3/10 (30) None
2.13 0/8 (0) None
2.14 0/10 (0) None
RP11-285M22Pml (18 kb D1721-B)* 3 9/9 (100) None
4 4/11 (36) None
5 3/7 (43) None
6 0/9 (0) None
7 15/21 (71) None
8 0/20 (0) None
9 9/24 (38) None
10 8/23 (35) None
11 4/13 (31) None
13 9/18 (50) None
14 0/8 (0) None
15 1/15 (7) None
16 6/15 (40) None
18 0/12 (0) None
20 0/15 (0) None
21 8/12 (67) None
22 6/7 (86) None
23 3/15 (20) None
24 1/13 (8) None

*BAC contained 17 kb of D17Z1-B + 132 kb of monomeric alpha satellite.
"Subcloned BAC contained 17 kb of DXZ1 + 25 kb of monomeric alpha satellite.
*Subcloned BAC contained 18 kb of D17Z1-B + 30 kb monomeric alpha satellite.
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Table S3. HAC results using control alpha-satellite constructs

No. cells with

!
o

Construct Cell line No. cells with HAC (%) integration (%)
RP11-352P13 (75 kb D1721) Z1.1 0/7 (0) None
z1.2 0/7 (0) 117 (14)
Z1.3 1/23 (4) None
1.4 2/3 (67) None
Z1.5 0/5 (0) None
" Z1.6 0/35 (0) None
Z1.7 1/35 (3) 1/35 (3)
m Z1.8 0/29 (0) None
Z1.9 0/29 (0) None
Z1.10 0/20 (0) None
RP11-971021Swal (16 kb DXZ1) 2 2/6 (33) None
4 0/17 (0) None
5 0/13 (0) None
6 0/16 (0) None
8 5/15 (33) None
9 1/17 (6) None
15 0/18 (0) None
18 5/15 (33) None
22 0/16 (0) None
Table S4. Primers used for PCR
Name Forward Reverse
Kan/Neo TCAGGAATTCAGGGAAGAAAGCGAAAGGAG ATGCGGTACCACGCTCAGTGGAACGAAAAC
FW1/RV1 TAGTCAATTCGGGAGGATCG GCGCTGGAGAATAGGTGAAG
FW2/RV2 CGGGTTATTTTCCTCGCTTCC AATGTCAAGCTCGACCGATG
D17Z1 (g/SQ-PCR) AAAACTGCGCTCTCAAAAGG AATTTCAGCTGACTAAACA
D17Z1-B (g-PCR) ACTTTCTGTAGAATCTGCG CTAGATTTTATTTGAAGATGTA
D1721-B (SQ-PCR) ACTTTCTGTAGAACTTGCG TCA TCT GCT CTA TGA AT
5s rDNA human CCGGACCCCAAAGGCGCACGCTGG TGGCTGGCGTCTGTGGCACCCGCT
5s rDNA mouse CCTGTGAATTCTCTGAACTC CCTAAACTGCTGACAGGGTG
pRetroES-loxP ATCGACCGGTAATGCAGGCA TCAGCGTGAGACTACGATTC
pRetroES-lox511 ATCGACCGGTAATGCAGGCA GTTGCTACGCCTGAATAAGTG
D1752040 TCTTATTGCATGAGTCCAAGC TCTTTTGGCTGTAAGGAACG

SLC6A4 (intron 2 VNTR)

GGGCAATGTCTGGCGCTTCCCCTACATA

TTCTGGCCTCTCAAGAGGACCTAGAGG

qPCR, quantitative PCR; SQ-PCR, semiquantitative PCR.
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S| Materials and Methods

Cell Culture and Somatic Cell Hybrid Construction. Human lympho-
blastoid lines were cultured in RPMI 1640 medium (Invitrogen).
Human fibrosarcoma cell line HT1080 and the primary human
dermal fibroblast cell line were cultured in Minimum Essential
Medium Alpha (Invitrogen). Human colorectal carcinoma line
HCT116 was grown in McCoy’s 5SA medium (Invitrogen). All
media were supplemented with 1x Antibiotic-Antimycotic
(Gibco, Invitrogen). Mouse-human somatic cell hybrid lines
containing a single Homo sapiens chromosome 17 (HSA17) were
constructed by polyethylene glycol fusion of human cells with
mouse thymidine kinase-deficient L cells (1). Single-cell clones
were isolated after 14 d using hypoxanthine-aminopterin-thymi-
dine selection, expanded for 1-2 wk, and examined using FISH
with chromosome-painting probes and a probe specific for alpha-
satellite array D17Z1 on HSA17. Clones containing a single
HSA17 in >90% of cells were selected for further study.

Resizing and Retrofitting BAC Constructs. RP11-285M22 was resized
from ~158 kb to ~61 kb by removing a monomeric alpha satellite
between two Pmll sites. The resulting vector, 285M22Pml1, con-
tained eight units of HOR D17Z1-B DNA. BACs were retrofitted
with selectable markers (KAN/NEO or AMP/NEO) using the EZ-
Tn5 pMOD-2 < MCS > Transposon Construction Vector (Epi-
centre Biotechnologies). The Kan/Neo resistance cassette was PCR
amplified from EGFP-c1 template by PCR (Table S2). Primers were
designed with overhangs containing EcoRI and Kpnl recognition
sites, respectively, to allow cloning into the polylinker of pMOD-2 <
MCS>. Transposition reactions were carried out according to the
instructions of the manufacturer of EZ-Tn5 Tranposase (Epi-
centre). Two microliters of the transposition reaction were elec-
troporated into TransforMax EC100 Electrocompetent Escherichia
coli (Epicentre). To avoid interruptions in alpha-satellite DNA, only
constructs in which the TnS cassette inserted into the vector back-
bone were selected for further use. These constructs were detected
by PCR using primers FW1/RV1 and FW2/RV2 to detect a 2-kb
increase in construct size. Increased vector size also was verified by
pulsed-field gel electrophoresis, and constructs were sequenced to
verify the entry of the Tn5SK/N cassette into vector sequences only.

In a second approach, single-step in vivo site-specific homol-
ogous recombination was used to introduce a neomycin cassette
contained on the construct pRetroES into D17Z1 or D17Z1-B
BACG:s. pRetroES contains a tac-GST-loxP-cre fusion gene that
upon transformation into competent BAC strains recombines
into the loxP site on the BAC (2). After integration, the cre gene
is disrupted at the loxP site and inactivated. The pBACe3.6 has
a wild-type loxP and a mutated form, lox511; the latter re-
combines inefficiently. Recombinant colonies were screened by
PCR (Table S2) to verify pRetroES to determine loxP or lox511
integration (2). Only retrofitted BACs containing a single pRe-
troES insertion were selected for transfection.

Transfection of HT1080 Cells with BACs Containing Alpha-Satellite
DNA. The HT1080 cell line (CCL-121; ATCC) was cultured in
Minimum Essential Medium Alpha with 10% FBS SH30071.03;
(HyClone) and 1% (vol/vol) penicillin and streptomycin or 1x
Antibiotic-Antimycotic. HT1080 cells were transfected using Fu-
gene 6 (Roche) according to the manufacturer’s instructions using
a 3:2 ratio of Fugene DNA transfection reagent:DNA complex.
Stable clones were identified after 10-14 d on the basis of their
resistance to 600 pL/mL G418 Sulfate (Mediatech Cellgro). Single
colonies were expanded to generate clonal lines for further analysis.

Maloney et al. www.pnas.org/cgi/content/short/1203126109

FISH on Fixed Metaphase Chromosomes and Extended Chromatin
Fibers. Exponentially growing cultures were arrested in meta-
phase by treating cells with 10 ug/mL colcemid (Invitrogen) for 30—
35 min. To introduce stretching of the centromere regions of
metaphase chromosomes, 10 ug/mL of ethidium bromide (Amer-
ican Bioanalytical) was added to cultures 30 min before or con-
currently with the addition of colcemid. Stretched chromatin fibers
were prepared using published methods (3, 4). FISH was per-
formed as previously described (4, 5). Plasmid probes specific for
D17Z1 (p17HS8) (6) and D17Z1-B (p2.5-3) (both gifts of Hun-
tington Willard, Duke University, Durham, NC) were labeled by
standard nick translation with biotin 16-dUTP, digoxygenin 11-
dUTP, or Alexa Fluor 488-dUTP or 568-dUTP (Molecular
Probes, Invitrogen). To prevent cross-hybridization between D17Z1
and D17Z1-B probes, 68% (vol/vol) hybridization [68% (vol/vol)
deionized formamide, 10% (vol/vol) dextran sulfate, 1% (vol/vol)
Tween-20, 2x SSC] and washing buffers [68% (vol/vol) formamide,
2x SSC, 0.1% Tween-20] were used.

Combined Immunofluorescence and FISH. Unfixed human metaphase
chromosomes were prepared as previously described (7). Cells were
arrested in metaphase using colcemid in the presence of ethidium
bromide to limit condensation of DNA. Extended chromatin fibers
were generated as described (4). CENP-A antibodies included
commercially available monoclonal antibodies to human CENP-A
(1:400) (13939; Abcam) and custom rabbit polyclonal antibodies to
mouse Cenp-A (1:400) (AP601; QCB/Biosource).

Microscopy and Image Analysis. All images were captured using an
Olympus IX71 inverted microscope connected to the Deltavision RT
deconvolution imaging system (Applied Precision) and processed
with the Deltavision Soft WoRx Resolve3D program. Images were
deconvolved using the conservative algorithm with 10 iterations and
viewed using the quick projection option. Chromatin fibers often
extended through multiple fields of view that were collected as
separated images and merged using the Stitch Image function in
SoftWoRx (4). Metaphases were scored for colocalization of D17Z1
or D17Z1-B with CENP-A using visual and semiquantitative ap-
proaches. Lateral and axial line scans were drawn through the
centromere with a custom histogram-line plot macro in the IPLab
software program (Scanalytics) (8) that generated graphs of pixel
distance vs. signal intensity. The peaks of each curve in the graph
(D17Z1 in red, D17Z1-B in green, and CENP-A in blue) were
measured, along with the start and end pixel values of the region of
the curve above 50 fluorescence units. The proportion of CENP-A
pixels (above 50 fluorescent units) that overlapped with the D17Z1
and D17Z1-B arrays were calculated and expressed as a percentage.

Chromatin Isolation and ChIP Followed by Semiquantitative PCR.
Native chromatin containing oligonucleosomes was prepared
by micrococcal nuclease digestion as previously described (3, 4,
9). Initially, 25 pg of chromatin was incubated with 5-10 pg of
monoclonal human CENP-A antibodies (ab13939; Abcam), 5 pg
of polyclonal antibodies recognizing mouse Cenp-A (AP601)
and 100 uL protein G or A beads. One microliter of immuno-
precipitation product (IP) was used in each PCR that was per-
formed in duplicate. PCR primers were specific to D17Z1 (10,
11), D17Z1-B (Table S2), and a control site on proximal 17p
(D17S2040). Relative enrichment (RE) for CENP-A at each
position (query) was calculated using RE = [(IP/Mock)/(Input/
Mock)]query/[(IP/Mock)/(Input/Mock) |normalization- RE values from
each ChIP reaction were averaged.
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Fig. S1. Semiquantitative immunofluorescence-FISH approach for assigning the CENP-A location on HSA17 in diploid human cell lines. (A) Both HSA17s in each
cell line were examined for orientation of D17Z1 (red) and D17Z1-B (green) using two-color FISH. In all cases, D17Z1-B was located on the short arm side of the
centromere, as shown in representative HSA17 images from eight different cell lines. (B) Two examples illustrating how the custom computer script was used to
assign the CENP-A location on HSA17s from lines GM08828A and FIBL2. Immunostaining for CENP-A (blue) followed by FISH with probes for D17Z1 (red) and
D1721-B (green) was performed. Each image was analyzed using a custom line plot script in which a line was drawn down each chromatid of the chromosome
and the fluorescence units were plotted along chromosome length. The overlap of the blue curve (CENP-A) with either D17Z1 or D17Z1-B was scored. (C) Graph
showing the percentage of individual HSA17s that showed CENP-A at D17Z1 and D17Z1-B. Cell lines in which CENP-A was located at D17Z1 in 100% of the cells
analyzed showed this localization on both homologs. Cell lines such as FIBL1 and FIBL3 showed approximately 50% D17Z1 and 50% D17Z1-B localization,
meaning that CENP-A was located at different HOR repeat arrays on the two HSA17 homologs.
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Fig. S2. Variable CENP-A location in humans and stable transmission through meiosis. (A) Analysis of Centre du Etude Polymorphisme Humain (CEPH) family
1345 revealed a functionally heterozygous mother (individual 11). Her son (individual 01) inherited her HSA17 in which CENP-A was located at D17Z1-B and
passed it on to at least two of his children (individuals 06 and 07). (B) ChIP analysis of CEPH individuals showed equivalent enrichment of CENP-A at D17Z1 and
D17Z1-B in individual 11, reflecting differential location on each homolog. In individual 13, CENP-A was enriched at D17Z1, confirming functional homozy-
gosity (CENP-AZ").
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Fig. $3. ChIP data for Cenp-A and histone modifications at mouse minor and major satellite control sites in mouse-human somatic cell hybrids containing
single HSA17s. (A) Mouse minor satellite sequences in cell lines SCHL1-H1 and SCHL1-H2 (Table S1) were enriched for Cenp-A, H3K4me2, and H3K9me3, as
expected. Minor satellite DNA is the site of Cenp-A assembly. (B) Mouse major satellite sequences in SCHL1-H1 and SCHL1-H2 were less enriched for Cenp-A and
H3K4me2 but were highly enriched for H3K9me3, as expected from previous studies. Lanes 7 and 8 of A and B represent a custom mouse Cenp-A antibody used
for all somatic cell hybrid experiments. Lanes 9 and 10 of A and B represent a commercial mouse Cenp-A antibody that was only used in initial experiments.
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Fig. S4. Heterochromatin profiles of CENP-A-associated and —unassociated HOR arrays on individual HSA17s isolated into somatic cell hybrids. (A) Enrichment
of H3K4me2 at D17Z1 and D17Z1-B on two HSA17s in which CENP-A is located at D17Z1 or D17Z1-B. Bar graphs represent enrichment from at least two
independent ChlIPs that contained duplicate or triplicate samples or reactions for each antibody. PCRs were performed in triplicate. Error bars represent SEM.
Enrichment is reported as percent input relative to the control site mouse gapdh. (B) Enrichment for H3K36me2, a euchromatic modification reported to be
present within CENP-A-associated chromatin on artificial chromosomes, was enriched at D17Z1 when it was the site of CENP-A assembly. However, when CENP-
A was assembled at D17Z1-B, this HOR array was not significantly enriched for H3K36me2 compared with D17Z1. (C and D) Bar graphs represent enrichment
calculated as percent input relative to control mouse gapdh from at least two independent ChIPs. PCRs were performed in triplicate for each ChlIP. Error bars
represent SEM. (C) The heterochromatic modification H3K9me3 appeared to be more enriched at D17Z1 than at D17Z1-B, regardless of CENP-A association.
Enrichment for histone modification at the target site is reported as percent input relative to mouse gapdh. Error bars represent SEM. (D) Enrichment for
heterochromatic modification H3K27me3 revealed that D17Z1 and D17Z1-B were similarly enriched for H3K27me3 on each HSA17 examined, regardless of

which HOR array was the site of CENP-A assembly.
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Table S1.

Cell line

Cell lines included in study

Cell type

Functional centromeric status*

Source

FIBL1

FIBL2
FIBL3
FIBL4
GMO08146
GMO08828
GM13019
JK745

1345-13
1345-11
1345-10
1345-02
1345-01
1345-06
1345-07
1345-08
1345-12
1333-02
1333-12
1333-13
1333-01
1333-02
1333-11
1333-13
SCHL-13A"
SCHL-14A"
SCHL1-H1*
SCHL1-H2*
SCHL3-H18
SCHL3-H2%
SCHL-745%

Colon cancer

Human dermal fibroblast
Fibrosarcoma (diploid)
Fibrosarcoma (hypertetraploid)
LCL
LCL
LCL
LCL

LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
LCL-CEPH
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid
Somatic cell hybrid

Heterozygous

Homozygous Z1
Heterozygous
Heterozygous

Homozygous Z1

Homozygous Z1

Homozygous Z1

Homozygous Z1

Homozygous Z1
Heterozygous
Homozygous Z1
Homozygous Z1
Heterozygous
Heterozygous
Heterozygous
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
Homozygous Z1
CENP-AZ'
CENP-AZ'
CENP-A™'
CENP-AZ"E
CENP-AZ'
CENP-A*"E
CENP-AZ'

B. Vogelstein (Johns
Hopkins University,

Baltimore, MD)
ATCC
ATCC
ATCC
Coriell
Coriell
Coriell

H. Willard (Duke University,

Durham, NQ)
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell
Coriell

H. Willard

H. Willard

This study

This study

This study

This study

H. Willard

All mouse-human somatic cell hybrids were generated using the same L cell/thymidine kinase-deficient

mouse cell line. LCL, lymphoblastoid cell line.

*Functional centromere status is defined as homozygous Z1 (both homologs show CENP-A at Z1) or heterozy-
gous (one homolog has CENP-A located at Z1, the other homolog has CENP-A at Z1-B). No homozygous Z1-B
(both homologs have CENP-A located at Z1-B) chromosomes have been identified.

"Mouse-human somatic cell hybrid containing single HSA17 derived from GM08146.

*Mouse-human hybrid containing single HSA17 derived from FIBL1.

SMouse-human somatic cell hybrid containing single HSA17 from FIBL3.
YMouse-human somatic cell hybrid containing single HSA17 from JK745.
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Table S2. Human artificial chromosome (HAC) results using D17Z1-B constructs

No. cells with

Construct Cell line No. cells with HAC (%) integration (%)
RP11-285M22 (145 kb; 18 kb D17Z1-B)* Z1B.1 1/23 (4) 20/23 (87)
Z1B.2 0/6 (0) 1/6 (17)
Z1B.3 3/9 (33) None
Z1B.4 1/20 (5) 19/20 (95)
Z1B.5 0/26 (0) None
Z1B.6 1/30 (3) None
Z1B.7 0/20 (0) None
Z1B.8 0/30 (0) None
Z1B.9 0/25 (0) None
Z1B.10 2/50 (4) 3/50 (6)
Z1B.11 0/30 (0) None
Z1B.12 0/25 (0) None
Z1B.13 0/3 (0) None
Z1B.14 1/13 (8) None
Z1B.15 2/46 (4) 2/46 (4)
Z1B.16 0/3 (0) None
Z1B.17 0/19 (0) None
Z1B.18 0/25 (0) None
Z1B.19 0/20 (0) 3/20 (15)
RP11-458D13 (17 kb D1721-B)" 1.1 111 (9) None
1.2 0/20 (0) None
1.3 0/19 (0) None
1.4 1/18 (6) None
1.5 0/11 (0) None
1.6 2/19 (11) None
2.1 0/7 (0) None
2.2 0/10 (0) None
2.3 0/9 (0) None
24 4/9 (44) None
2.5 0/10 (0) None
2.6 0/10 (0) None
2.7 4/10 (40) None
2.8 8/10 (80) None
2.9 3/4 (75) None
2.10 0/7 (0) None
2.1 0/6 (0) None
2.12 3/10 (30) None
2.13 0/8 (0) None
2.14 0/10 (0) None
RP11-285M22Pml (18 kb D1721-B)* 3 9/9 (100) None
4 4/11 (36) None
5 3/7 (43) None
6 0/9 (0) None
7 15/21 (71) None
8 0/20 (0) None
9 9/24 (38) None
10 8/23 (35) None
11 4/13 (31) None
13 9/18 (50) None
14 0/8 (0) None
15 1/15 (7) None
16 6/15 (40) None
18 0/12 (0) None
20 0/15 (0) None
21 8/12 (67) None
22 6/7 (86) None
23 3/15 (20) None
24 1/13 (8) None

*BAC contained 17 kb of D17Z1-B + 132 kb of monomeric alpha satellite.
"Subcloned BAC contained 17 kb of DXZ1 + 25 kb of monomeric alpha satellite.
*Subcloned BAC contained 18 kb of D17Z1-B + 30 kb monomeric alpha satellite.
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Table S3. HAC results using control alpha-satellite constructs

No. cells with

!
o

Construct Cell line No. cells with HAC (%) integration (%)
RP11-352P13 (75 kb D1721) Z1.1 0/7 (0) None
1.2 0/7 (0) 117 (14)
Z1.3 1/23 (4) None
1.4 2/3 (67) None
Z1.5 0/5 (0) None
" Z1.6 0/35 (0) None
Z1.7 1/35 (3) 1/35 (3)
m Z1.8 0/29 (0) None
Z1.9 0/29 (0) None
Z1.10 0/20 (0) None
RP11-971021Swal (16 kb DXZ1) 2 2/6 (33) None
4 0/17 (0) None
5 0/13 (0) None
6 0/16 (0) None
8 5/15 (33) None
9 1/17 (6) None
15 0/18 (0) None
18 5/15 (33) None
22 0/16 (0) None
Table S4. Primers used for PCR
Name Forward Reverse
Kan/Neo TCAGGAATTCAGGGAAGAAAGCGAAAGGAG ATGCGGTACCACGCTCAGTGGAACGAAAAC
FW1/RV1 TAGTCAATTCGGGAGGATCG GCGCTGGAGAATAGGTGAAG
FW2/RV2 CGGGTTATTTTCCTCGCTTCC AATGTCAAGCTCGACCGATG
D17Z1 (g/SQ-PCR) AAAACTGCGCTCTCAAAAGG AATTTCAGCTGACTAAACA
D17Z1-B (g-PCR) ACTTTCTGTAGAATCTGCG CTAGATTTTATTTGAAGATGTA
D1721-B (SQ-PCR) ACTTTCTGTAGAACTTGCG TCA TCT GCT CTA TGA AT
5s rDNA human CCGGACCCCAAAGGCGCACGCTGG TGGCTGGCGTCTGTGGCACCCGCT
5s rDNA mouse CCTGTGAATTCTCTGAACTC CCTAAACTGCTGACAGGGTG
pRetroES-loxP ATCGACCGGTAATGCAGGCA TCAGCGTGAGACTACGATTC
pRetroES-lox511 ATCGACCGGTAATGCAGGCA GTTGCTACGCCTGAATAAGTG
D1752040 TCTTATTGCATGAGTCCAAGC TCTTTTGGCTGTAAGGAACG

SLC6A4 (intron 2 VNTR)

GGGCAATGTCTGGCGCTTCCCCTACATA

TTCTGGCCTCTCAAGAGGACCTAGAGG

qPCR, quantitative PCR; SQ-PCR, semiquantitative PCR.
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