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Summary

Down syndrome is rarely due to a de novo Robertsonian translocation t(14q;21q). DNA polymorphisms in
eight families with Down syndrome due to de novo t(14q;21q) demonstrated maternal origin of the extra
chromosome 21q in all cases. In seven nonmosaic cases the DNA markers showed crossing-over between two
maternal chromosomes 21, and in one mosaic case no crossing-over was observed (this case was probably
due to an early postzygotic nondisjunction). In the majority of cases (five of six informative families) the
proximal marker D21S120 was reduced to homozygosity in the offspring with trisomy 21. The data can

be best explained by chromatid translocation in meiosis I and by normal crossover and segregation in meiosis
I and meiosis II.

Introduction

Down syndrome due to trisomy 21 is one of the most
common chromosomal abnormalities in humans that
is associated with mental retardation. A rare form of
Down syndrome is due to de novo Robertsonian trans-
location t(14q;21q) and occurs with a frequency of
1.1 %-3.6% ofDown syndrome live borns in popula-
tion studies (Mikkelsen et al. 1976, 1989; Pulliam
and Huether 1986). Robertsonian translocations have
been suggested to occur during oogonial / spermatogo-
nial mitosis (Ohno et al. 1961) or meiotic prophase I
(Mirre et al. 1980; Stahl et al. 1983). Cytogenetic
analysis using chromosomal heteromorphisms has
suggested that the de novo t(14q;21q) chromosome
has originated from the mother in 11 of 12 cases in
which the parental origin has been determined (Rob-
inson 1973; Magenis and Chamberlin 1981; Mik-
kelsen et al. 1989).
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As part of a study of the mechanism and origin of
nondisjunction in trisomy 21 (Warren et al. 1987;
Antonarakis et al. 1991), we have studied eight fami-
lies with Down syndrome due to de novo t(14q;21q).
Analysis of chromosome 21-specific DNA polymor-
phisms permitted the determination of the parental
origin of the extra chromosome 21q and suggested
that in the majority of cases the extra 21q was proba-
bly due to chromatid translocation in maternal meiosis
I and to normal crossover and segregation in meiosis
I and meiosis II.

Material and Methods

Eight families with a proband with Down syndrome
due to de novo Robertsonian translocation t(14q;21q)
were studied. Cytogenetic analysis of metaphases
from lymphocytes included QFQ and/or GTG band-
ing. In one proband (DS2277) the cytogenetic analysis
showed 28 metaphases with 46,XX, - 14, + t(14q;
21q) and two metaphases with normal karyotype
46,XX. In the other seven probands no evidence of
mosaicism was detected in 15 metaphases examined.
The parents of the eight probands had normal karyo-
types, establishing the de novo origin of the transloca-
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tion t(14q;21q) chromosome in all families. In seven
probands the translocation chromosome appeared to
be monocentric by cytogenetic analysis using C bands;
however, in family DS2277 the translocation chromo-
some was dicentric.
DNA was isolated from peripheral blood leukocytes

as described (Kunkel et al. 1977). Restriction-endo-
nuclease digestions, agarose gel electrophoresis, trans-
fer ofDNA fragments to nitrocellulose filters, hybrid-
ization with radioactive DNA probes, washing, and
autoradiography were performed as described else-
where (Warren et al. 1987, 1989). The probe-enzyme
combinations for the chromosome 21 markers used
were (1) D21K9-TaqI of locus D21S13, (2) p21-4U-
MspI of locus D21S1 10, (3) pPW236B-EcoRI of locus
D21S11, (4) Fr8-77-EcoRI of locus D21S82, (5) p78 /
2-8b-PstI of the MX1 gene, (6) pMCT15-PstI of locus
D21S113, (7) CRI-L427-RsaI of locus D21S112, and
(8) ML18-TaqI of the COL6A1 gene (for description
of the probes and references, see Warren et al. 1989;
Petersen et al. 1991b). In addition, six different DNA
polymorphisms due to either (GT)n dinucleotide re-
peats (Litt and Luty 1989; Tautz 1989; Weber and
May 1989; Weber 1990) or a variable poly(A) tract of
an Alu repeat (AluVpA) (Economou et al. 1990) were
detected by using PCR amplification of genomic DNA
(Saiki et al. 1985). The PCR polymorphisms were (1)
a (GT)n repeat of locus D21S120 (Burmeister et al.
1990), (2) a (GT)n repeat of locus D21S156 (Lewis et
al. 1990), (3) a (GT)n repeat at IVS4 of the HMG14
gene (Petersen et al. 1990), (4) a (GT)n repeat and (5)
an AluVpA at IVS5 of the HMG14 gene (Petersen et
al. 1991a), and (6) an (AC)n repeat of locus D21S171
(Petersen et al., in press). The primers used, end label-
ing of specific primers, PCR programs, PAGE of the
amplification products, and autoradiography have
been described elsewhere (Burmeister et al. 1990;
Lewis et al. 1990; Petersen et al. 1990, 1991a, and in
press). The order of the loci scored which span the
entire long arm of human chromosome 21 has been
determined by linkage analysis using the CEPH fami-
lies (Warren et al. 1989; Petersen et al. 1991b) and by
pulsed-field gel electrophoresis analysis using somatic
cell hybrids (Gardiner et al. 1990). In order to exclude
isodisomy for chromosome 14, probe pCMM101 of
locus D14S13 was used. This locus recognizes a
VNTR polymorphism on chromosomal band 14q32
(Nakamura et al. 1988). The parental origin of the
extra 21q was determined by dosage analysis, when
two different alleles were present in the proband, or by
scoring the polymorphic alleles, when three different

alleles were present in the proband (McCormick et al.
1989; Petersen et al. 1991a).

Results and Discussion

The parental origin of the additional chromosome
21q was determined in all families by at least two
independent DNA polymorphisms (table 1). The ori-
gin was maternal in all eight families. Previous cytoge-
netic analyses of 13 published families with de novo
t(14q;21q) determined the origin of the t(14q;21q) to
be maternal in 11 cases, and paternal in one case, and
unknown in one case. In this latter analysis chromo-
somal heteromorphisms of the short arm of the free
chromosomes 14 and 21 have been compared with
those of the parental karyotypes. The origin of the
t(14q;21q) has been determined because the free chro-
mosome 14 had the same chromosomal heteromor-
phism pattern as did one of the parental chromosomes
14 (Robinson 1973; Magenis and Chamberlin 1981;
Mikkelsen et al. 1989). However, the reliability of
cytogenetic heteromorphisms in determining the pa-
rental origin of acrocentric chromosomes has been re-
cently disputed (Antonarakis et al. 1991). Cytogenetic
analysis in our cases determined the origin of the free
chromosome 14 in only one case (family DS3325).
The free chromosome 14 in this case was paternal,
and therefore the t(14q;21q) was maternal in origin.
The four possible parental origins of the t(14q;21q)

chromosome and ofthe extra chromosome 21 (or 21q)
in de novo t(14;21q) Down syndrome are shown in
figure 1. The nonmosaic cases of the present study
belong to the categories illustrated in panels A and D
of figure 1, since the possibilities illustrated in B and
C of figure 1 can be excluded because the extra chro-
mosome 21q is not paternal. In order to exclude more
complicated models in which both the t(14q;21q) and
the free 14 from the same parent, we used D14S13
DNA marker polymorphism analysis. The results
show that in all cases (except DS3402, which was not
informative), one chromosome 14 was inherited from
the father and one was inherited from the mother, thus
excluding the possibility ofchromosome 14 isodisomy
(see table 2, DNA marker D14S13).
The genotypes for all the families are shown in table

2. Given the evidence that the extra 21q was of mater-
nal origin in all cases, the reduction/nonreduction to
homozygosity for a given DNA marker heterozygous
in the mother was determined (table 2). In one family
(DS2277) all seven informative loci showed reduction
to homozygosity, giving no evidence of crossing-over
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Table I

Parental Origin of Extra Chromosome 21q, Parental Ages at Birth of Down Syndrome Proband, Sex of
Proband, and Loci Informative for Determination of Parental Origin

Maternal Age Paternal Age Sex of
Family Origin (years) (years) -4 Proband Loci Informative

DS2277 ..... Maternal 30 32 F D21S82, MX1, D21S171, D21S112, and COL6A1
DS2899 ..... Maternal 29 29 M D21S13, D21S110, D21S11, D21S156, HMG14,

D21S113, D21S112, and COL6A1
DS3202 ..... Maternal 26 30 M D21S120 and D21S112
DS3325 ..... Maternal 30 34 M D21S156 and D21S112
DS3380 ..... Maternal 22 23 F D21S120, D21S156, and HMG14
DS3396 ..... Maternal 37 47 F D21S13, D21S82, D21S112, and COL6A1
DS3399 ..... Maternal 22 21 M D21S120, D21S156, D21S171, and D21S112
DS3402 ..... Maternal 22 21 M D21S120, D21S82, HMG14, and D21S112

between the chromosomes 21 in maternal meiosis. In
this case, which is the mosaic case, both the extra 21q
and the formation of the Robertsonian translocation
chromosome were probably due to an early post-
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Figure I Schematic representation of four possible parental
origins of t(14q;21q) and extra chromosome 21 in Down syndrome
due to de novo t(14q;21q). Chromosome 21q is shown with heavy
stripes, and chromosome 14q is shown with light stripes. In panel
A the t(14q;21q) is paternal and the extra chromosome 21 is mater-
nal; in panel B the t(14q;21q) is maternal and the extra chromosome
21 is paternal; in panel C both the t(14q;21q) and the extra chromo-
some 21 are paternal; in panel D both the t(14q;21q) and the extra

chromosome 21 are maternal in origin. Pat = paternal; Mat =

maternal.

zygotic (mitotic) nondisjunction (fig. 2A). Another
mechanism, which cannot be excluded by the present
data, is a prezygotic origin followed by an early post-
zygotic (mitotic) loss of the translocation chromo-
some, with duplication of the remaining chromosome
14 leading to uniparental isodisomy for chromosome
14 in the 46,XX cell line (fig. 2B). Chromosome 14
DNA polymorphic marker D14S13 showed two al-
leles of equal intensity, one coming from the father
and one coming from the mother (table 2). However,
with only less than 10% mosaicism for the normal cell
line, differences in intensity of the polymorphic alleles
cannot be observed. In the seven nonmosaic cases the
genotypic data from the scoring of many markers
along the entire length of 21q suggest at least one
crossover between the two chromosomes 21 during
maternal meiosis I. The Robertsonian translocation
therefore did not influence the normal pairing and
crossing-over between the chromosome 21 homo-
logues in meiosis I.
The most proximal polymorphic DNA marker

known on 21q is D21S120 (Burmeister et al. 1990).
This marker, which is completely linked to D21S16
and D21S13, maps about 6 cM distal to an alphoid
DNA polymorphism specific for the human chromo-
some 21 centromere (Jabs et al. 1991). In the present
study, five of six cases informative for the D21S120
marker showed reduction to homozygosity in the pro-
band, suggesting either a meiosis II error in the major-
ity of cases (even if 6% of these five were misclassified
because of crossing-over between the centromere and
the D21S120 locus) or a chromatid translocation dur-
ing meiosis I followed by normal segregation of the
translocation products (see fig. 3).
The mean maternal age at birth of the trisomic child

I

S31



Petersen et al.

Table 2

Chromosome 21 and Chromosome 14 DNA Polymorphisms in Families with Down Syndrome Due to
de novo t(14q;21q) Translocation

POLYMORPHISMS IN FAMILYb

Locusa DS2277 DS2899 DS3202 DS3325

D21S120................. 11-11-111 23-12-123 NR 33-12-113 M R 23-13-333 R
D21S13 ................. 12-12-122 22-11-112 M 12-11-111 12-12-222 R
D21S11O................. 11-12-111 R 22-12-112M R 11-11-111
D21S11 ................. 22-12-222 R 22-11-112 M 12-12-111 R 11-12-111 R
D21S82 ................. 23-13-112 M R 22-23-222 R 12-22-122 22-12-122 NR
D21S156................. 12-12-122 24-13-233M R 23-12-123 NR 13-24-124MNR
HMG14:
(GT)nIVS4................ 12-11-111 12-11-112 11-13-113 NR
(GT)nIVS5................ 12-11-111 23-11-113M 12-11-111 12-13-113 NR
AluVpA IVS5............. 13-11-111 23-11-113 M 12-13-113 NR

MX1................. 11-22-122 M 22-22-222 12-12-112 11-12-112 NR
D21S113................. 11-12-111 R 11-22-122M 11-11-111 12-12-122
D21S171................. 22-13-233M R 22-12-222 R 22-12-222 R 22-12-122 NR
D21S112................. 12-34-133 M R 34-12-223 M R 13-24-234 M NR 12-33-233 M
COL6A1................. 12-34-144 M R 23-13-112M R 12-11-111 22-12-122 NR
D14S13 ................. 13-24-34 22-11-12 33-12-13 12-23-13

DS3380 DS3396 DS3399 DS3402

D21S120................. 23-12-112 M R 11-12-111 R 11-22-122M 23-14-344M R
D21S13 ................. 11-22-122 M 12-12-112 12-22-222

D21S11O.
D21S11 12-22-222 12-12-112 22-12-222 R
D21S82 33-23-223 M R 22-12-122 NR 22-33-233 M
D21S156................. 34-12-123 MNR 12-12-112 24-13-134MNR 12-23-223 NR
HMG14:

(GT)n IVS4................ 22-13-123 M NR 12-23-223 NR 12-12-122 22-11-112 M
(GT)nIVS5................ 22-13-123MNR 12-22-222 23-13-133 NR 23-11-112M
AluVpA IVS5............. 33-13-133 NR

MX1................. 12-12-112 22-22-222 22-12-122 NR 11-12-112 NR
D21S113................. 12-12-122 11-11-111 12-12-222 R 11-12-112 NR
D21S171................. 23-12-123 NR 12-23- 22-12-112M R 12-12-112
D21S112................. 12-13-112 R 34-12-123MNR 22-11-112M 33-12-123MNR
COL6A1 23-11-113 M 12-11-111 12-11-112
D14S13 ................. 14-23-24 34-12-14 12-34-13 13-12-12

a The loci on chromosome 21 are ordered in columns corresponding to their relative chromosomal order based on either linkage analysis
or pulsed-field gel electrophoresis. The first locus is the closest to the centromere of chromosome 21, and the last locus is the closest to
the telomere of the long arm of human chromosome 21. The only chromosome 14 marker studied, D14S1 3, is listed at the bottom of each
section.

b The three parts of the data correspond to father, mother, and proband, respectively. The numbers in the genotypes represent the different
alleles at a specific locus. M = maternal origin of the extra 21q as determined by the respective DNA marker. R and NR = reduction
to homozygosity or nonreduction to homozygosity, respectively, for a given DNA marker (see text for details).

in the seven nonmosaic cases was 26.8 years (table 1).
This is not different from the mean maternal age of
27.7 in 10 maternal cases studied by cytogenetic het-
eromorphisms (Magenis and Chamberlin 1981; Mik-
kelsen et al. 1989). The combined mean maternal age
from all the above 18 cases is 27.3 years, which is not

significantly increased over the mean maternal age in
Western societies.

Electron-microscopic studies of oocytes and sper-
matocytes have shown association of ribosomal genes
in the nucleolar fibrillar center, providing a structural
basis for the formation of Robertsonian translocations
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Figure 2 Schematic representation of mosaic t(14q;21q) tri-
somy 21. In panel A the zygote contains two free chromosomes
21 and two free chromosomes 14. Subsequently, in a postzygotic
mitotic division, a de novo t(14q;21q) occurs in one cell lineage. In
panel B the zygote contains two free chromosomes 21, one t(14q;
21q), and one free chromosome 14. Subsequently, in a postzygotic
mitotic division, a loss of t(14q;21 q) chromosome occurs and dupli-
cation of the free chromosome 14 results in isodisomy 14 in that
particular cell lineage.

in meiotic prophase I (Mirre et al. 1980; Stahl et al.
1983). These studies demonstrated a close proximity
of chromatids in the short-arm region of nonhomolo-
gous acrocentrics. A breakage/reunion model either
by random or as an orderly, nonrandom process dur-
ing meiotic pairing and exchange (Hecht and Kimber-
ling 1971) has been suggested as an explanation for
the formation of all observed types of Robertsonian
translocations. Genetic exchange among ribosom-
al genes on nonhomologous acrocentric chromo-
somes has been demonstrated (Arnheim et al. 1980;
Schmickel et al. 1985). Alphoid sequences shared
among the centromeric regions of acrocentric chromo-
somes have been isolated (Devilee et al. 1986; Jorgen-
sen et al. 1987, 1988; Choo et al. 1988, 1989), and
it has been suggested that homologies are responsible
for recombination and Robertsonian translocations
(Choo et al. 1988, 1989). Several types of breakpoints
have been proposed by molecular cytogenetic studies

(Cheung et al. 1990). Structural studies of mitosis
have shown that there is a close proximity of the acro-
centric chromosomes when they are forming a com-
mon nucleolus during mitotic prophase (Ohno et al.
1961), and satellite association has been proposed as
a risk factor in meiotic nondisjunction (Hanson and
Mikkelsen 1978).
The present study suggests that the extra 21q in

the majority of t(14q;21q) Down syndrome cases is
maternal in origin. The mosaic case in our study is
probably due to an early postzygotic nondisjunction
in a mitotic division (fig. 2A), which is similar to the
second meiotic division. The results of theDNA analy-
sis in the nonmosaic cases of the present study do not
allow a distinction between the possibilities illustrated
in panels A and D in figure 1; i.e., do not differentiate
between the following alternatives: (1) one chromo-
some 21 and the t(14q;21q) come from the mother,
and (2) two chromosomes 21 are maternal, and the
t(14q;21q) is paternal in origin. In figure 1A a paternal
t(14q;21q) chromosome coincides with (or induces) a
maternal meiotic nondisjunction of chromosomes 21.
This alternative is possible, as meiosis II in the female
finishes only after fertilization. A possible interchro-
mosomal effect has been suggested in a cytogenetic
study, in which a high proportion of meiosis II errors
were found among cases of free trisomy 21 that have
parents with either chromosomal rearrangements or
fragile sites (Mikkelsen et al. 1989). However, the
accuracy of the interpretation of the cytogenetic het-
eromorphisms has recently been questioned, since a
number of discrepancies have been found between cy-
togenetic and DNA polymorphism data (Antonarakis
et al. 1991). In figure 1D, the t(14q;21 q) chromosome
formation occurs in maternal meiosis. A translocation
formation in the second meiotic division would be
possible as a chromatid translocation between the
chromosomes 14 and 21 (White 1973, pp. 198-230)
and followed by nondisjunction of the free 21 chroma-
tid. However, the mechanism illustrated in figure iD
can be explained by a chromatid translocation oc-
curring during meiosis I and followed by normal segre-
gation of the translocation products (fig. 3). In this
case, reduction of centromeric markers to homozygos-
ity is not indicative of second meiotic nondisjunction,
since, as shown in figure 3, nondisjunction is not a
feature of this mechanism. This alternative is compati-
ble with all the data of the present study and requires
only a single abnormal event, i.e., the chromatid
translocation. It is also compatible with the cytoge-
netic studies where, in almost all cases, the t(14q;21q
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Figure 3 Mechanism for alternative D fig. 1, in which both extra chromosome 21 and de novo tl4q;21q are maternal in origin. For
this mechanism a chromatid translocation is required in meiosis I. Chromatid 1 of chromosome 21 is translocated onto chromatid 4 of
chromosome 14. Normal crossing-over occurs in meiosis I, and normal segregation at meiosis I and II is shown (not all the segregation
products are shown, only the one pertinent to the final abnormality). Note that DNA markers below the crossover in chromosome 21
maintain their heterozygosity (alleles c and d); however, DNA markers between the centromere of chromosome 21 and the crossover show
reduction to homozygosity (allele a and b). ? = Uncertainty of the involvement of one or two centromeres of the acrocentric chromosomes
in the Robertsonian translocation.

chromosome is maternal. The definitive answer to al-
ternatives A and D illustrated in figure 1 will require
both cloning of the t(14q;21q) chromosome in so-

matic cell hybrids and study of its DNA polymorphic
markers which will establish its parental origin. The
mechanism of formation of the t(14q;21q) chromo-
somes seems thus different from the mechanism de-
scribed for dup(21q) chromosomes in patients with
Down syndrome, where most of the cases are due to
isochromosomes (centromere misdivision) and when
only a few cases are Robertsonian translocations

(Grasso et al. 1989; Antonarakis et al. 1990; Shaffer
et al. 1991).
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