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Summary

A centromere is considered to be an essential chromo-
somal component where microtubule-kinetochore in-
teraction occurs to segregate sister chromatids faithfully
and acentric chromosomes are unstable and lost through
cell divisions. We report a novel marker chromosome that
was acentric but stable through cell divisions. The patient
was a 2-year-old girl with mental retardation, patent duc-
tus arteriosus, and mild dysmorphic features. G-banded
chromosome analysis revealed that an additional small
marker chromosome was observed in all 100 cells exam-
ined. By the reverse-chromosome-painting method, the
marker was found to originate from the distal region of
8p, and a subsequent two-color FISH analysis with cosmid
probes around the region revealed that the marker was an
inverted duplication interpreted as 8pter-*.p23.1::
p23.1-*.8pter. No centromeric region was involved in the
marker. By FISH, no a-satellite sequence was detected on
the marker, while a telomere sequence was detected at
each end. Anti-kinetochore immunostaining, using a se-
rum from a patient with CREST (calcinosis, Raynaud syn-
drome, esophageal dismotility, sclerodactyly, and telangi-
ectasia) syndrome, showed a pair of signals on the marker,
which indicated that a functional kinetochore was present
on the marker. The analysis of this patient might suggest
the possibility that an ancient centromere sequence exists
at distal 8p (8p23.1-pter) and was activated through the
chromosome rearrangement in the patient.

Introduction

A functional mammalian chromosome is considered to
have at least three components essential for stable replica-
tion and segregation: a centromere, two telomeres, and
replication origins. The centromere is the cytologically de-
fined chromosomal region at which sister chromatids are
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held together after DNA replication, and kinetochore pro-
teins are formed to interact with spindle fibers to segregate
the sister chromatids faithfully into daughter cells.
Acentric chromosomes are considered to be passively
transported into daughter cells unable to attach to a mi-
totic spindle and become eliminated through cell divi-
sions.
A double minute chromosome (DM), occasionally

found in neuroblastoma and some other tumor cells, is an
exceptional example of acentric chromosomes that persist
in multiple cell divisions. It is known that neither the func-
tional centromere nor the telomere exists in DMs (Haaf
and Schmid 1988; Lin et al. 1990). However, DMs show
highly numerical heterogeneity among cells, a phenome-
non that indicates anomalous mitotic segregation (Levan
et al. 1981). Therefore, they are not truly stable.

Functions/structures of the centromere/kinetochore
have been investigated mainly through the following two
tools: (1) an a-satellite that is the predominant and best-
characterized centromeric DNA on the basis of a 171-bp
monomeric unit and arranged in a highly tandemly re-
peated array and (2) centromeric proteins (CENPs) that
were identified by antibodies from patients with the auto-
immune disease called "scleroderma CREST" (calcinosis,
Raynaud syndrome, esophageal dismotility, sclerodactyly,
and telangiectasia) (for references, see Bloom 1993). Not
much has been known until now about the molecular basis
of the centromere/kinetochore function, but the a-satel-
lite is considered to be one of the critical DNA sequences
for centromere activity, on the basis of the observations
that it is present on all human centromeres and contains
binding sites for the CENP-B (Masumoto et al. 1989). Cur-
rently, one of the main interests in the study of the centro-
mere is the identification of the actual sequence that is re-
sponsible for chromosome segregation.
We report here a novel acentric marker chromosome

derived from distal 8p found in a girl with mild dysmorphic
features. It involved no detectable a-satellite sequence by
FISH, but it was mitotically stable.

Case, Material, and Methods
Case Report

A.S.(4-1221-6), a 2-year-old girl, was born after a 35-wk
gestation to a 35-year-old mother and 30-year-old father,
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both healthy and unrelated. The pregnancy was uneventful
except for premature delivery due to premature rupture of
the embryonic membrane. Her birth weight was 2,035 g
(-0.7 SD). There was no family history of malformation.
At 2 wk after birth, she was noticed to have a heart mur-

mur. She was diagnosed, by echocardiography and cardiac
catheterization, as having patent ductus arteriosus (PDA)
associated with pulmonary hypertension. PDA was suc-

cessfully surgically ligated at age 16 mo. She required hos-
pital treatments three times because of upper/lower respi-
ratory infections associated with wheezing. At age 21/4
years, her height was 86.0 cm (-0.4 SD), weight 11.72 kg
(-0.52 SD), and head circumference 50.2 cm (+1.6 SD).
She showed a broad forehead, but she looked nondysmor-
phic otherwise. Her developmental quotient at age 2 years

was 73.

Cytogenetic Studies
Metaphase and prometaphase chromosomes were ob-

tained from phytohemagglutinin (PHA)-stimulated pe-

ripheral blood lymphocytes (PBL) by using a method de-
scribed by Ikeuchi (1984) and were analyzed using G-band-
ing and C-banding techniques by standard protocols.

Microdissection and PCR Amplification ofMarker
Chromosome

Procedures essentially followed the method described
elsewhere (Deng et al. 1992; Ohta et al. 1993). In brief,
metaphase chromosomes for microdissection were col-
lected from short-term cultures of PHA-stimulated PBL
separated using a 2% dextran solution. Following treat-
ment with a hypotonic solution consisting of 0.2% NaCl
and 0.2% KCI, cells were fixed with 100% methanol and
stored at -20°C until used. A fixed-cell suspension was

mixed with acetic acid and then immediately was spread
onto a clean glass slide. Non-aged chromosomes were

GTG-banded with 0.025% trypsin and stained with 3%
Giemsa. A marker chromosome was microdissected with
a fine glass needle under an inverted microscope. Thirty
pieces of dissected chromosomal materials were trans-
ferred into a collection chamber and were covered with
paraffin oil. Further steps, including proteinase K diges-
tion, DNA extraction, Sau3AI digestion, DNA ligation to
a linker/primer set, and PCR, were carried out as de-
scribed elsewhere (Hirota et al. 1992; Jinno et al. 1992).

Chromosome Preparations for FISH
To obtain G-banded chromosomes after FISH, cultures

of PHA-stimulated PBL were synchronized by adding ex-

cess BrdUrd (200 jg/ml) for 18 h, followed by thymidine
(0.3 jg/ml) release for 6.5 h, and were harvested as usual.

FISH
One-fiftieth volume of the total PCR product from the

dissected marker chromosome was used as a probe pool

after labeling it with biotin-16-dUTP by a second round
PCR as described elsewhere (Ohta et al. 1993). After ad-
dition of 10 jig sonicated herring DNA, and 10 gg human
Cot-1 DNA (catalog no. 5279SA, GIBCO BRL) as a com-
petitor into a 1/20 volume of the second PCR product,
the DNA mixture was ethanol precipitated, was resus-
pended in 10 RI formamide, was denatured at 750C for 10
min, and was mixed with a hybridization solution consist-
ing of 20 mg BSA/ml, 10 X SSC, and 50% dextran sulfate
in a volume ratio of 1:2:2. The hybridization mixture was
put onto denatured chromosomes; overnight hybridiza-
tion was performed at 370C; and the slides were washed in
50% formamide and 2 X SSC at 370C, then in 2 X SSC and
1 X SSC, and finally in 4 X SSC at room temperature, each
for 15 min. The slides were incubated with 100 1l fluo-
rescence isothiocyanate (FITC)-conjugated avidin (1 jig in
500 jl, 4 X SSC, and 1% BSA) at 370C for 45 min, and
rinsed in 4 X SSC, 4 X SSC containing 0.1% Triton-X, and
then in 4 X SSC. After counterstaining with 1 jg propid-
ium iodide/ml, the slides were mounted with an antifad-
ing buffer. Photomicroscopy was performed under a flu-
orescence microscope equipped with a B-2A filter (Nikon).
Post-FISH G-banding was performed by washing the slides
in 2 X SSC at room temperature for 10 min, staining with
Hoechst 33258, exposing them to UV light, and subse-
quent staining with 3% Giemsa.
Two-color FISH using two cosmid probes, cCI8-1

(8p23.3) and cCI8-1198 (8p22 or 23.1), was performed ac-
cording to the method of Inazawa et al. (1994). The cCI8-
1 and 1198 probes were labeled with digoxigenin and bio-
tin-16-dUTP, respectively, each by nick translation, and
precipitated with sonicated salmon sperm DNA and Esch-
erichia coli tRNA, and then they were mixed in a weight
ratio of 7:3 together with 50-fold sonicated human placen-
tal DNA as a competitor. The probes were hybridized in
situ to the patient's chromosomes at 37°C for 18 h and
then were detected by anti-digoxigenin rhodamine and av-
idin-FITC. The slide was counterstained with 4,6-diamid-
ino-2-phenylindole-dihydrochloride and was mounted in
an antifade solution. Metaphase chromosomes were iden-
tified through a Nikon UV-2A filter, and then two-color
signals were visualized simultaneously through a double-
bandpass filter (Omega Optical). The photomicrographs
were taken with Ektachrome 100HC film (Kodak) exposed
at 400 ASA. FISH using a-satellite DNA (Oncor) either for
all human centromeres or specific for chromosome 8 was
carried out according to the manufacturer's recommenda-
tion. A telomere probe for all human chromosomes
(Oncor) was also used for FISH.

Anti-kinetochore-Antibody Immunostaining
The serum of a patient with CREST variety of sclero-

derma was used for indirect immunofluorescence staining
of kinetochore protein. The procedure essentially fol-
lowed the method described by Merry et al. (1985). Meta-
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Figure I G-banded chromosomes of the patient. Arrow indicates
an additional marker chromosome.

phase chromosomes were collected from an Epstein-Barr
virus-transformed lymphoblastoid cell line of the patient,
which was established as described elsewhere (Fukushima
et al. 1992). Following treatment with a tris-buffered hy-
potonic solution, the cells in aqueous suspension were

centrifuged onto a glass slide by using Cytospin 2 (Shan-
don) and fixed in chilled 80% ethanol. The cells were then
soaked with the antiserum diluted 1:50 in PBS and incu-
bated for 30 min in a moist chamber at 37°C. After two
washes in PBS the slide was incubated with FITC-conju-
gated sheep anti-human immunoglobulin for 30 min at

37°C. After two washes with PBS the slide was counter-
stained with ethidium bromide and was mounted in glyc-
erol/PBS. After observation under a fluorescence micros-
copy, the slide was subsequently stained by 4% Giemsa for
the identification of the marker chromosome.

Results

Cytogenetic Analyses ofthe Marker Chromosome
G-banded chromosomes of PHA-stimulated PBL re-

vealed a 47,XX,+mar karyotype. The marker was about
one-third of a G-group chromosome in size, and it ap-

peared in all 100 cells examined. At a 550-800-band level
of resolution, the marker consisted of two terminal G-pos-
itive bands and a middle G-negative band and showed no

apparent primary constriction (fig. 1). C-banding analysis
revealed that the marker was C-negative (data not shown).
The parents were cytogenetically normal.

Identification ofthe Origin ofthe Marker Chromosome
A probe pool was made from 30 pieces of the entire

marker chromosomes of the patient by using chromosome
microdissection and PCR amplification. FISH with this
probe on metaphase chromosomes of a karyotypically

normal individual painted the distal third or half region of
8p (fig. 2a and b). FISH with the same probe onto the pa-
tient's chromosomes painted the marker chromosome en-
tirely, as well as the normal distal 8p regions (fig. 2c), indi-
cating that the probe pool was successfully generated from
the entire region of the marker chromosome. Thus, we
concluded that the marker originated from distal 8p, in-
volving no centromeric region.

Characterization ofthe Structure ofthe Marker
Chromosome
By FISH, neither a-satellite probe for all human centro-

meres nor a-satellite probe specific for chromosome 8 hy-
bridized the marker (fig. 2d), while a telomere-specific se-
quence was detected at each end (fig. 2e). Two-color FISH
using cosmid probes cCI8-1 (8p23.3) and cCI8-1198 (8p22
or 23.1) showed an 8-1198 signal sandwiched between two
8-1 signals on the marker (fig. 2f and g), indicating that
the marker was an inverted duplication interpreted as
8pter--p22or23.1::p22or23.1-~.8pter. Judging from the
G-banding pattern of the marker (a middle G-negative
band between two terminal G-positive bands), we con-
cluded that her karyotype was 47,XX,+der(8)(pt-
er-* p23.1::p23.1--.pter) de novo and that she was tet-
rasomic for its region (fig. 3).

Detection ofKinetochore Protein
Anti-kinetochore immunostaining using a serum from a

patient with CREST syndrome revealed a pair of fluores-
cent signals on the marker. It appeared to be of almost the
same intensity as those of other chromosomes, while it was
about one-third of the others in size (fig. 4). The precise
location of the signals in the marker could not be deter-
mined. Although this anti-kinetochore serum was not
characterized in detail for its specificity to CENPs, this re-
sult indicated that at least some functional kinetochore
proteins were generated on the marker.

Discussion

A stable supernumerary small marker chromosome was
found in a patient with mild dysmorphic features. The or-
igin of the marker was successfully identified to be around
the distal region of 8p by using the technique that involves
microdissection of a defined chromosomal region (the en-
tire marker chromosome in this case), generation of a FISH
probe pool from the dissected chromosomal DNA by
PCR, and FISH (Ohta et al. 1993). Further, two-color
FISH using two cosmid probes both assigned to the distal
8p region revealed that the marker was an inverted dupli-
cation interpreted as 8pter-o.p23.1::p23.1--> 8pter and that
the patient was tetrasomic for its region. Although there
has been no reported case of tetrasomy for the same
8p23.1-pter region as in our patient, some manifestations
in the patient were compatible with those previously de-
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Figure 2 FISH analyses on normal metaphase chromosomes (a and b) and on patient's chromosomes (c-g), using various DNA probes. a, FISH
using a probe pool derived from the marker chromosome of the patient on a normal metaphase. b, Same chromosomes subsequently G-banded. c,
Same probe hybridized to the patient's metaphase chromosomes. d, a-Satellite probe for all human centromeres. e, Telomere-specific probe for all
human chromosomes. f, Two-color FISH using cosmid probes cCI8-1 assigned to 8p23.3 (rhodamin-red) and cCI-1198 initially assigned to 8p22 or
23.1 (FITC-green). g, Same chromosomes counterstained with DAPI. Arrowheads indicate the painted chromosomal domains, and arrows indicate the
marker chromosomes.

scribed in mosaic tetrasomy for the entire 8p, including
a congenital heart defect, a broad forehead, and mental
retardation (Schrander-Stumpel et al. 1994).

It was unusual that no centromeric region was involved
in the marker, because acentric chromosomes, as men-
tioned earlier, are generally believed to be mitotically un-
stable and lost during cell divisions. FISH using an a-satel-
lite probe either for all human chromosomes or specific

for chromosome 8 failed to detect a signal on the marker.
However, anti-kinetochore staining using the serum from
a CREST patient revealed a pair of fluorescent spots on the
marker, indicating that a functional kinetochore protein
was present on the marker. Thus, we assumed that an an-
cient centromere sequence exists at distal 8p (8p23.1-pter)
and was activated through the chromosome rearrangement
in the patient.
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An alternative possible explanation for this unusual
marker is that the chromosomal rearrangement in the pa-
tient is a more complex one, involving a centromeric re-
gion of chromosome 8 or other chromosome, but could
not be detected, either because it was so small and below
our detection sensitivity of FISH or because it consisted of
centromeric sequences other than the a-satellite that we
used. Since the FISH with the probe pool generated from
the marker chromosome did not hybridize any normal
centromeres or other chromosomal regions, there seems
to be a lack of major homology between the centromere
that is assumed to be present in the marker and the normal
centromeres. This might suggest either that the centro-
mere of the marker is a novel centromere different from
normal centromeres or else that the critical centromere re-
gion is small, and FISH is not sufficiently sensitive to be
able to detect this region.

Recently, there have been observations suggesting that
some centromere sequences might be present intracalary
at noncentromeric regions. Voullaire et al. (1993) reported
an unusual supernumerary marker chromosome derived
from chromosome 10 in a boy with mild developmental
delay. A chromosome 10 homologue was broken at p12.1
and q23.2 and subsequently rejoined, producing two de-
rivative chromosomes: r(1O)(p12.1q23.2) and der(10)(pt-
er-*.p12.2::q23.3- qter). The later der(10) was apparently
lacking a centromeric region, but it carried a primary con-
striction and was mitotically stable. No detectable a-satel-
lite, satellite III, or CENP-B protein was found in the
marker, whereas the presence of at least some kinetochore
proteins was demonstrated using a CREST antiserum.
They hypothesized that a latent intercalary centromere
was present at 10q25 and was activated through the chro-
mosome rearrangement that occurred in the patient. Mag-
nani et al. (1993) reported a stable supernumerary chromo-
some that was derived from 14q32-qter confirmed by the
chromosome-painting method using a chromosome 14-
specific probe pool. Blennow et al. (1994) reported two
patients who both had an extra marker chromosome pres-
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Figure 3 Schematic representation of the marker structure (left),
together with a G-banded partial karyotype of the chromosome 8 pair
and the marker chromosome (right). Shaded areas indicate the 8p23.1-
pter region that was inversely duplicated in the marker.
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Figure 4 a, Anti-kinetochore immunostaining using the serum
from a patient with CREST syndrome. b, Same metaphase sequentially
stained with Giemsa for the marker identification. Arrows indicate the
marker chromosomes.

ent in 70%-80% of their lymphocytes. The markers were
found to be inversely duplicated chromosomes from the
distal part of the chromosome 15, interpreted as inv dup-
(15)(qter-*q23::q23-*qter) and inv dup(15)(qter- q24::
q24--.qter), respectively. Both markers included no cen-
tromeric region, and no a-satellite DNA could be detected
at the site of the primary constriction. Baldini et al. (1993)
reported that an alphoid DNA sequence that had been iso-
lated and cloned from a human chromosome 21-specific
plasmid library by using vector-CENP-B box PCR hybrid-
ized in situ not only to every centromere but also to non-
centromeric regions at 2q21 and 9q13. They concluded
that alphoid DNA sequences were present at 2q21 and
9q13. These findings, together with the present case, seem
to strongly indicate that intercalary ancient centromere se-
quences are present in the human genome and could be
activated through chromosome rearrangements.
A recent molecular cytogenetic technique has helped to

identify the origins of marker chromosomes (Callen et al.
1992; Crolla et al. 1992; Rauch et al. 1992; Blennow et al.
1993; Plattner et al. 1993). The strategies in most previous
studies were to identify it by FISH using chromosome-spe-
cific centromeric satellite probes (usually a-satellite).
However, several marker chromosomes have been re-
ported to be unidentifiable by FISH using various centro-
meric satellite probes (Callen et al. 1992; Crolla et al. 1992;
Rauch et al. 1992). It might be possible that some of them
arose from a noncentromeric region, as was the case in our
patient. Thus, it is important to be aware of the possible
existence of such a marker chromosome that cannot be
identified by centromeric satellite probes. To identify the
origins of these marker chromosomes, the "reverse chro-
mosome painting" technique, termed by Carter et al.
(1992)-in which the probe is generated from the aberrant
chromosome itself and is applied to metaphase spreads of
normal subjects by using FISH to know the origin of the
marker by observing the painted chromosome region-is
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most useful. To isolate a marker chromosome, the follow-
ing two techniques are currently available: (1) chromo-
some microdissection (Guan et al. 1993; Ohta et al. 1993),
which we employed in the present case, and (2) flow sort-
ing (Blennow et al. 1992; Carter et al. 1992), both followed
by PCR amplification. In view of the purity of the gener-
ated DNA probe pool and the capability of making a
probe from even a small marker chromosome, the former
technique might have some advantage.

In conclusion, this case may suggest that an ancient cen-
tromere sequence exists at distal 8p (8p23.1-pter) and was
activated through the chromosome rearrangement. Fur-
ther investigation of this marker chromosome at a molec-
ular level would be very valuable for identifying the actual
sequence that is responsible for chromosome segregation.
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