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Robertsonian translocations are the most common structural dicentric rearrangements in humans. The
stability of these dicentrics is attributed to the inactivation of one centromere by mechanisms which are
currently unknown. The presence and amounts of centromeric proteins (CENPs) differ between the centromeres
of the few dicentrics which have been studied, providing a limited understanding of the protein components
necesssary for centromeric function. However, CENP-C previously has been observed only at the active
centromeres in two dicentric chromosomes. In the present investigation, the presence and localizations of
several centromeric antigens, CENP-B, -C and -E, have been determined in 12 dicentric Robertsonian
translocations. Each translocation was studied initially using in situ hybridization with a-satellite DNA probes
to determine the active centromere. Subsequent immunofiuorescence of monoclonal and polyclonal antibodies
generated to various centromeric antigens demonstrated that the protein composition differs at the two
centromeres of these dicentric translocations. While CENP-B was present at both active and inactive
centromeres, CENP-C and -E were located at active centromeres only in the majority of translocations. These
results confirm previous observations of CENP-C at active centromeres and provide the first evidence that
CENP-E correlates with active centromeres as well, demonstrating that at least two specific centromeric
proteins are required for human centromeric function.

INTRODUCTION
The centromere participates in many essential aspects of
chromosome structure and movement. It is the point for sister
chromatid attachment and pairing until anaphase and the
site of kinetochore formation, the structure which sustains
microtubule interactions (I-3). Several structural and func-
tional centromeric proteins (CENPs) have been identified
through the use of autoimmune sera from CREST patients
(calcinosis, Raynaud's phenomenon, esophageal dysmotility,
sclerodactyly, telangiectasia) who produce autoantibodies to
CENPs-A, B and C (4). CENP-B (80 kDa) is the only antigen
which specifically binds DNA of the primary constriction.
It associates with a-satellite DNA in vivo (5), specifically
recognizes a 17 bp sequence motif (CENP-B box) within
certain a-satellite monomers and is present in varying amounts
at each human centromere (6-8). CENP-A (17 kDa) also
localizes to the centromere and is a H3 histone variant, which
is thought to displace histones within the nucleosomal structure
of centromeric chromatin (9,10). It is unclear if CENP-A
contributes to centromere function by recognition of a specific
DNA sequence or a particular chromatin structure. CENP-C

is a 140 kDa polypeptide which is a component of the inner
kinetochore plate and is essential for proper kinetochore
assembly (11,12). It has been shown to bind DNA, although
a specific target sequence has not been identified (13). CENP-
C has been shown to be present at the active centromeres of
two dicentric chromosomes, leading to the proposal that it is
an essential component of functional centromeres (14,15).
CENP-E (312 kDa), a 'chromosomal passenger' protein (16),
is transiently associated with the kinetochore and is undetect-
able prior to metaphase (17,18). This kinesin-like motor protein
has been localized to the outer kinetochore plate, the site of
microtubule attachment to the centromere and it has been
shown to stabilize the spindle by crosslinking overlapping
microtubules at the midzone (19). Its presence at inactive
centromeres has not been previously examined.

Some dicentric chromosomes are unstable (20,21); however,
consistent transmission of dicentrics has been well documented
in humans and other organisms (14,15,22-28). Robertsonian
translocations are the most common structural chromosome
abnormality in humans. At least 90% are dicentric, the result
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of short arm fusions between acrocentric chromosomes. It is
presumed that one of the centromeres of a dicentric chromo-
some is inactivated or suppressed, rendering the chromosome
functionally monocentric (29), although the precise mechanism
of inactivation is unknown. Both centromeric regions typically
demonstrate C-bands, but only the centromere located at the
primary constriction is considered active. Morphologically,
then, the centromeric regions of a dicentric chromosome differ.
Only a few cases of centromeric inactivation in dicentric
chromosomes have been attributed to major variations of DNA
content, such as centromeric deletions, (30-32). Therefore,
other features of centromeric DNA must influence or initiate
centromere inactivation.

Fewer than 20 dicentric chromosomes have been studied
for the presence of centromeric proteins. CREST antigens
were detectable only at the active centromeres in three of five
iso(X) and two t(X;Y) (31,33,34). In contrast, CREST antigens
were detected at both active and inactive centromeres of the
remaining two isodic(X), two isodic(Y), three inv dup(15) and
a few other nonhomologous dicentric translocations (34—
38). Several cases showed centromeric staining with CREST
antibodies that was variable at the unconstricted centromeres
(34,36,37), often two to five times less intense (based on
computerized image analysis) (14). These results indicate that
some inactive centromeres retain the ability to bind certain
centromeric antigens, although not as efficiently as or to a
lesser degree than active centromeres.

To correlate differences in the presence of CENPs at the
centromeres of Robertsonian translocations with centromeric
activity, 12 dicentric translocations were analyzed by immuno-
fluorescence of CREST antibodies and monospecific antibodies
to CENP-B, -C and -E. Our results show that CREST antigens
and CENP-B usually bind centromeres regardless of their
functional states; however, CENP-C and CENP-E selectively
bind to active centromeres only. Additionally, we provide
evidence for the occurrence and stable transmission of chromo-
somes with two active centromeres.

RESULTS
Each translocation was studied by FISH and immunofluores-
cence following standard cytogenetic analysis by GTG-band-
ing. The active centromeres of the 12 dicentric translocations

of this study were initially identified by fluorescence in situ
hybridization (FISH) with a-satellite DNA probes (39). Briefly,
at least 50 metaphases were analyzed using two color FISH,
with active centromeres identified as condensed fluorescent
signals located at primary constrictions. To more precisely
determine centromeric activity, immunofluorescence of centro-
mere-specific antibodies was performed in combination with
in situ hybridization of a-satellite DNA probes, which aided the
identification of translocation chromosome. Initially, CREST
serum (autoantibodies to CENP-A, CENP-B and CENP-C)
was used to observe the cumulative presence of centromeric
proteins of each translocation chromosome. These 12 dicentric
translocations were examined for the presence of specific
centromeric antigens, using monospecific antibodies to CENP-
B, -C and -E (Table 1). In most cases, cell suspensions
from fibroblast, amniocyte and lymphoblastoid cultures were
cytocentrifuged on to clean microscope slides. This method
allowed for adequate spreading of metaphase chromosomes,
with some loss of chromosome morphology occurring during
the centrifugation process. After antibody detection, antibody-
antigen complexes were cross-linked with formalin and cells
were subsequently fixed with methanol and acetic acid before
proceeding with in situ hybridization.

CREST antigens
Eleven different dicentric translocations were studied with
CREST antibodies and seven demonstrated distinct staining at
both centromeres (Table 1, Figs 1A and 2A). In six transloca-
tions, CREST staining was noticeably less intense or morpholo-
gically different at the presumably inactive centromere (data
not shown). Four cases showed CREST staining at one
centromere only (Table 1, cases 7-10; data not shown).
Although cases 8-10 showed CREST staining at one centro-
mere only, two a-satellite regions were easily distinguishable
by FISH. In these three translocations, the inactive centromere
apparently was not associated with detectable CREST antigens.
By FISH, case 7 appeared to have closely located centromeres,
making it difficult to determine which centromere, if either,
was inactive. It was initially hypothesized that the centromeres
were acting cooperatively due to proximity, yielding a 'hybrid'
centromere. As only one area of CREST staining was observed,
this initial interpretation appeared to be confirmed. However,
subsequent analysis of case 7 with the monospecific antibodies

Table 1. Staining of Robertsonian translocations with CENP antibodies

Case RT Active centromere by FISH CREST CENP-B CENP-C CENP-E

1
2
3
4
5
6
7
8
9

10
11
12

13ql4q
13ql5q
14ql5q
14ql5q
15q21q
15q22q
13ql4q
14q21q
14q21q
21q22q
13ql4q
13ql5q

14
13
14
15
15
22
both
14
14
21
14/both
13/15/both

nt
both
both
both
both
both
hybrid*
14
14
21
both
both

both
both
both
both
both
both
both
14
14
21
both
both

14
13
14
15
21
22
14
14
14
21
14/both
both/15

14
13
14
15
21
22
14
14
14
21
14/both
both/13/15

nt = not tested; RT = Robertsonian translocation: both indicates that antibody was detected at both centromeres of the dicentric translocation; numbers in
columns 4 through 7 represent the centromere at which antibodies stained.
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indicated that the 14 centromere was the active centromere
(see below and Table 1). Case 1 was not studied with CREST
antibodies due to limited sample material.

CENP-B
CENP-B specifically binds a-satellite DNA, so it was expected
to be present at both centromeres of the dicentric translocations.

Figure 1. Localization of CENPs to functionally monocentric t(14q!5q) (case 3). (A) CREST antibodies stained both the active and inactive centromeres.
Simultaneous FISH allowed the detection of the chromosome 15 centromere (red); (B) CENP-B was also present at both centromeres; (C) simultaneous
immunofluorescence with CENP-C antibodies (yellowish-white) and FISH using a chromosome 14/22 a-satellite DNA probe (red), showing CENP-C only at
the active 14 centromere; (D) CENP-E was detected only at the chromosome 14 centromere, supporting a single kinetochore/single functional centromere.
Panels B and D represent double immunofluorescence of CENP-B and -E antibodies within the same metaphase. Chromosomes were identified by DAPI banding
pattern, although independent FISH assays confirmed that CENP-E was associated with the 14 centromere only.


