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Summary

Maternal isodisomy for chromosome 7 was observed in a 4-year-old cystic fibrosis patient with very short
stature. In an examination of 11 DNA polymorphisms spanning the entire length of chromosome 7, no

paternal contribution could be shown in seven informative loci. Paternity was examined with probes for
five polymorphic loci on the Y chromosome, for the pseudo beta-globin locus on chromosome 11 and by
Jeffreys's hypervariable probes. The results with the latter gave a probability of 3.7 x 10-9 for nonpater-
nity. Chromosomal examination revealed a centromeric heteromorphism of chromosome 7 in the mother,
for which the proband was homozygous. Isodisomy of the patient was thus shown for the entire length of
a maternal chromosome 7. The mechanisms leading to this isodisomy involve at least two events of abnor-
mal cell division, events that may be meiotic, postzygotic, or both. This proband is the second reported
maternal isodisomy; both were detected through homozygosity for CE Both patients had short stature,
which could have been caused by parental imprinting, since similar results have been observed in isodi-
somic mice. Homozygosity due to uniparental descent in man should be kept in mind as a mechanism for
recessive disorders, especially for chromosome 7.

Introduction

The concept of uniparental disomy (UPD) in man, i.e.,
that two homologous chromosomes originate from one
parent, and of isodisomy, in which the two chromo-
somes are identical, was defined by Engel (1980).
Uniparental disomy has been reported in Robertsonian
translocations in mice and in man (Kirkels et al. 1980;
Palmer et al. 1980; Cattanach and Kirk 1985). In so-
matic cells, homozygosity for one parental allele or iso-
disomy of a chromosome may be a cause of malignant
disease, e.g., in retinoblastoma (Cavenee et al. 1983).
The theoretical expected frequency ofUPD in zygotes
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was estimated by Engel (1980) to be around the order
of 3 x 10-4. Therefore the frequency of individuals
with UPD in the population could be relatively high.
Yet, so far, only one individual with UPD and a normal
karyotype has been described (Spence et al. 1988). In
this case a UPD for chromosome 7 was the etiological
cause for cystic fibrosis (CF)-an autosomal recessive
disease whose gene is located at 7q31 (Estivill et al.
1987; Spence and Tsui 1987). The recognition ofUPD
in individuals may have both clinical and theoretical
importance. In the following we describe a second in-
dividual affected with CF caused by maternal isodisomy
for chromosome 7.

Patient, Material, and Methods

Patient

Fifty-five families were examined in our laboratory
for the diagnosis of CF with DNA markers. In one of
the families examined the proband was a boy aged 4
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Table I

List of DNA Markers

POLYMORPHISM

CHROMOSOME Allele Size
REGION SYMBOL PROBE ENZYME Symbol (kb) Frequency REFERENCE

7pter-pl4 ...... D7S135 TM102L TaqI Al 12 .57 Tsui et al. 1987

7p ............

7cen-q22 .......

7q 31 .........

7q 31 .........

7q 31 .........

7q 31

7q 31 .........

7q 31 .........

7q22-q32 ......

7q34-qter ......

7q36-qter ......
1plpS.5 .......

Yqll ..........

HVR mini-
satellites.

D7S150 TS194

D7S129 TG16

D7S126 SC33

MET

MET

MET

met H

met D

met D

D7S23 KM19

D7S23 XV-2c

D7S8 pJ3.11

D7S392 TM196

D7S22
HBBPI

pkg3

DYS1 49f

33.15
33.6

TaqI

EcoRI

EcoRI

Taql

TaqI

BanI

PstI

TaqI

MspI

PstI

Hinfl
HincII

Taql

Hinfl
HinfI

A2
Al
A2
Al
A2
Al
A2
A3
Al
A2
Cl
C2
Dl
D2
Cl
C2
Al
A2
Al
A2
Al
A2

Al
A2
A3
A4
AO
Al
A2
A3
A4
Co
Cl
DO
Dl
D2
FO
Fl
I0
I1

8.5
1.5
1.0
2.2
1.0
4.5
4.0
3.5
7.5
4.0
6.0
4.4
7.6
6.8
7.8
6.6
2.1
1.4
4.2
1.8
4.2
3.7

4.6,3.0
7.6
6.0
3.3

10
12
15
17

8..8.1

7..7.2
6

. . .

5.4

3.5

.43

.72

.28

.70

.30

.61

.39

.77

.23

.71

.29

.47

.53

.41

.59

.04

.04

.18

.68

.04

.64

.36

.23

.59

.23

.03

.97

.64

.36

Tsui et al. 1987

Tsui et al. 1987

Tsui et al. 1987

White et al. 1985

White et al. 1985

White et al. 1986

Estivill et al. 1987

Estivill et al. 1987

Bartels et al. 1986

Tsui et al. 1987

Wong et al. 1987
Antonarakis et al. 1982

Ngo et al. 1986

Jeffreys et al. 1985
Jeffreys et al. 1985

years with severe growth retardation. The parents were
of Ashkenazi origin and had four children. The patient
was the second child, born when the father was 30 years
old and when the mother was 25 years old. There was
no family history of CF or of any other major disease.
The proband was born in the 38th week of pregnancy

and was small for gestational age (1,770 g). He remained
small; at age 4 years his stature was 87 cm (50% for
age 2 years). CF was diagnosed in infancy.

DNA Isolation and Southern Blot Analysis

High-molecular-weight genomic DNA was extracted
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from whole blood after separation of white-blood-cell
nuclei with 0.2% Nonidet P40 in 0.9% NaCI; lysis
was performed with 7 M urea and 2% SDS in lysing
buffer (0.01 M tris-HCI, pH 7.5, 0.3 M NaCl, 0.01
M EDTA). Proteinase K digestion and DNA extraction
were performed by standard methods (Maniatis et al.
1982). From each individual 10 ggDNA were digested
with the relevant restriction enzyme and were separated
by electrophoresis in 0.7% agarose gel and were blot-
ted onto nitrocellulose filters (Southern 1975). Filters
were prehybridized in 10 x Denhardt's solution, S x
SSC, 0.1% SDS, 6% polyethylene glycol, and 100 ig
denaturated sonicated salmon sperm DNA/ml at 651C
for 2 h. Probes were labeled with (a - 32p) dCTP by the
multiprime labeling method (Feinberg and Vogelstein
1983) for 6-14 h at room temperature. The denatured
probes were added to the prehybridized filters and hy-
bridized overnight at 650C. Filters were washed accord-
ing to recommended stringency.

For DNA fingerprinting, two samples of 10 jg DNA
from each individual were digested with 25 U Hinfl.
One set was directly loaded onto 0.9% agarose gel while
the other set was recovered after three ethanol precipi-
tations and was dissolved in 0.2M sodium acetate. The
gel was run overnight at 40 V and for an additional
5 h on 100 V, until the 2-kb marker reached 17 cm.
Blotting to Hybond-N filters followed standard proce-
dures (Jeffreys et al. 1985). The inserts of Jeffreys's
probes 33.6 and 33.15 were separated in low-melting-
point agarose from the recombinant M13 and were la-
beled with 32p to a specific activity of 1.5 x 109. Pre-
hybridization and hybridization were according to the
method of Church and Gilbert (1984). Hybridization
was performed at 650C for 16 h. Filters were washed
three times for 15 min each in 0.5 M NaHPO4, 1%
SDS, followed by two washes in 1 x SSC, 0.1% SDS
for 15 min each. The filters were exposed on Fuji X-ray
film by using double intensifying screens at -70°C for
48 h and for 7 d.
The DNA probes that were used are detailed in table 1.

Cytogenetic Study
Cytogenetic analysis was performed on peripheral

blood lymphocytes according to standard methods
(Yunis 1976).

Results

Molecular Study
DNA polymorphisms linked to the CF region on chro-
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Figure I Haplotypes of father, mother, and proband, show-
ing maternal isodisomy in the proband, with 11 probes for the length
of chromosome 7.

mosome 7 were tested with the following six probes:
metH, metD-TaqI, metD-BanI, KM19, XV-2c, and J3.11
(table 1); in all of them the proband was homozygous
(fig. 1). Four of the probes-metH, metD-BanI, KM19,
and XV-2c-were informative, and the proband showed
only maternal and no paternal contribution. The results
of Southern blot analysis for metH and XV-2c in the
family are shown in figure 2a. For both probes, the pro-
band and his mother were homozygous for allele 1 and
the father for allele 2. The three siblings were heterozy-
gotes, as expected. Analysis of the family by five addi-
tional probes spanning the length of chromosome 7
(table 1) showed again that the proband was homozy-
gous for all alleles, including three maternal alleles
(TM102L, SC33, and TM196; fig. 1) not carried by
the father. The results on two ofthese informative probes
are shown in figure 2b. For both probes, the father was
homozygous for allele 2 and the mother was heterozy-
gous 1-2, while the proband was homozygous for al-
lele 1 and the three siblings had contributions from both
parents. In figure 1 the haplotypes of chromosome 7
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Figure 2 Autoradiograms showing results for the family, with four probes: two probes linked to the CF locus (a) and two probes
at the distal ends of chromosome 7 (b). Only the proband showed maternal isodisomy.

alleles carried by the proband and by his father are
shown; also shown are those carried by the mother,
which have been deduced from the proband's haplo-
types. Since we have not tested the mother's parents,
we do not know what haplotypes she carries and
whether the proband inherited nonrecombinant or
recombinant haplotypes. The mother was heterozygous
at three loci, and her haplotypes are different from the
paternal haplotypes. The proband is homozygous for
haplotype c (fig. 1). The father was homozygous for
all markers tested, except for the hypervariable
minisatellite probe p.g3 (table 1). He was heterozygous
for a 10-kb and a 3.4-kb fragment. Neither fragment
was observed in the proband; one sibling carried the
10-kb fragment, and two siblings carried the 3.4-kb
fragment (data not shown).

Chromosomal Study
Chromosomal studies revealed normal karyotypes in

the proband and his parents, and no mosaicism was

observed. However, the mother showed a centromeric
heteromorphism, possibly owing to a small pericentric
inversion, in one chromosome 7 (fig. 3). The proband
was homozygous for this heteromorphism. These findings
were consistent with the molecular results and may in-

Figure 3 Chromosomes 7 of father (F), mother (M), and son
(S). Note the centromeric heteromorphism in the left maternal and
in .both chromosomes of the son.

FMA
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dicate nonpaternity or that the proband could be isodi-
somic for a maternal chromosome 7.

Paternity Testing

Nonpaternity was excluded by RFLPs on chromo-
somes Y and 11 and by Jeffreys's hypervariable probes
(table 1). Figure 4a shows the results of five allelic series
on chromosome Y, detected by probe 49f with TaqI
(Ngo et al. 1986). The pattern was identical in the fa-
ther and the proband. The pseudo beta probe with
HincIl (Antonarakis et al. 1982) was used as a chro-
mosome 11 marker (fig. 4b). The father was heterozy-
gous for the 7.6-kb and 6-kb fragments, and the mother
was heterozygous for the 6-kb and for the 4.6-kb and
3-kb fragments. The proband had the paternal 7.6-kb
fragment and the maternal 4.6-kb and 3-kb fragments.

Rb
23-

e':..3

2 . I .'. 'S ::

F M S

b
kb

DNA fingerprint patterns were prepared using Hinfl
digests, hybridized to Jeffreys's minisatellite probes 33.6
and 33.15 (Jeffreys et al. 1985). Seventeen fragments
of the proband's DNA fingerprint were analyzed using
probe 33.6 (fig. 4c), and 18 fragments were analyzed
using probe 33.15 (data not shown). Nine and five of
the fragments with probes 33.6 and 33.15, respectively,
were paternal specific fragments (not shared with the
mother), and four and five fragments, respectively, were
shared by the proband and both his parents. With both
probes, no mismatches were observed; all of the pro-
band's fragments could be traced to one or both par-
ents. The level of band sharing between unrelated indi-
viduals within populations was estimated as .25 (Jeffreys
1987). On the basis of both this estimate and the ob-
served level of band sharing between the proband and

kb
23-

C

.A1

94-
65-

7.6-
6.0-
4.6-

3.0-.:...

20-

F M S
Figure 4 Autoradiograms showing that paternal alleles are present in the proband when tested by 49f probe detecting allelic Y-specific
series (a), pseudo beta probe on chromosome 11 (b), and DNA fingerprint patterns with Jeffreys' probe 33.6 (c). The left side is shown
after three ethanol precipitations of the DNA. F = father; M = mother; S = son.
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his father, a probability (P) for nonpaternity was calcu-
lated (Jeffreys 1987; Helminem et al. 1988). This prob-
ability is the chance ofhaving the observed band-sharing
level between the child and his alleged father if it is as-
sumed that they are unrelated individuals: P = .259+5
= 3.7 x 10-9. This result indicates that nonpaternity
can be excluded and that the proband is isodisomic for
one maternal chromosome 7.

Discussion

In this family the proband was homozygous for mater-
nal alleles at all 11 loci tested along chromosome 7,
including the three for which the mother was heterozy-
gous, and for the centromeric heteromorphism. There-
fore the proband is isologous (has identical segments)
for the length of chromosome 7.

According to Beaudet et al. (1988) the haplotypes
obtained with probes XV-2c and KM19 (table 1)-i.e.,
haplotypes 1-2 and 2-1-have a probability of 1 in 9.5
and 1 in 1,000, respectively, to carry the CF mutation
among North Americans. Extending their work to our
family, we can assume that the mother's c chromosome
(fig. 1), which had the 1-2 haplotype, carried the CF
mutation. The proband is homozygous for this haplo-
type, while the father is homozygous for the 2-1 haplo-
type and therefore has a low probability (1:500) of car-
rying the CF mutation.
Our proband is the second patient described with

UPD, and both have been ascertained through homozy-
gosity for the CF gene. It is hard to postulate that the
cause for UPD is inherent in the CF mutation itself,
although it cannot be ruled out before more is known
about the mutation. Both patients had maternal iso-
disomy, which may be coincidental or because of poten-
tial lethality of paternal isodisomy of chromosome 7.
The etiology of the very short stature in the patient

who was reported by Spence et al. (1988) and in our pa-
tient, both with CF and maternal isodisomy, is intrigu-
ing. In the RFLP studies there was no evidence that
any deletion that includes the CF locus could account
for the short stature. The possibility that both children
are also homozygous for a rare recessive gene, in link-
age disequilibrium with the CF gene, is possible but
unlikely. The most plausible explanation for the short
stature may be the lack of paternal chromosome 7 al-
leles and therefore the lack of expression of paternally
derived genes. The different expression of genes when
inherited from the male versus the female parent is re-
ferred to as parental imprinting. Cattanach and Kirk
(1985) showed that, in the mouse, some maternal and
some paternal chromosomes are essential for the nor-

mal development of the embryo and fetus. It has been
suggested that about a quarter of the mouse genome
is imprinted and that the rest of the genetic material
is unaffected by parental origin (Surani et al. 1988).
Similar imprinting mechanisms may well be present in
humans, and therefore isodisomy may either have no
influence on the fetus or result in some abnormality,
e.g., small size, lethality, or unusual shape. Twenty-two
loci on human chromosome 7 are homologous to loci
on the following mouse chromosomes: chromosome
2 (one locus) chromosome 5 (seven loci), 6 (seven loci),
11 (one locus), 12 (one locus), 13 (four loci), and 16
(one locus) (Searle et al., in press). The area of human
chromosome 7 that maps the CF gene is most likely
to be homologous to mouse chromosome 6. Of the
mouse chromosomes with homology to human 7, chro-
mosomes 6 and 11 demonstrate imprinting in the mouse.
Chromosome 6 maternal isodisomy was shown to be
lethal in the mouse, and a maternally derived disomy
of chromosome 11 was associated with small size at
birth (Cattanach and Kirk 1985).
The mechanism that generates an isodisomic indi-

vidual will always involve at least two events of abnor-
mal cell division. The origin of the duplicated chromo-
some in the proband stems either from nondisjunction
in the maternal second meiotic division, from mitotic
reduplication in the zygote, or from double mitotic non-
disjunction. For the first two alternatives there is more
than one way to generate the disomy. If the original
error was a second meiotic nondisjunction, then the
zygote either (1) might have been trisomic with a nor-
mal paternal contribution ofchromosome 7, which was
lost mitotically, or alternatively, (2) might have started
out as a disomic zygote with two maternal chromo-
somes 7 and no paternal chromosome 7. In the first
case we would expect a mosaic if no selection against
trisomic cells exists. We have not ruled out the possibil-
ity that the patient is a mosaic for chromosome 7
aneuploidy, but the fact that homozygosity for one
maternal chromosome 7 was observed in blood lym-
phocytes and that the child has CF that involves tissues
of independent origin makes it unlikely.

If the primary event led to a monosomic zygote res-
cued by reduplication of chromosome 7, then (3) the
meiotic error was a paternal nondisjunction that caused
a nullisomic gamete. Alternatively, (4) only mitotic
events in the zygote may have occurred with loss of the
paternal chromosome 7 and reduplication of the mater-
nal chromosome 7. This mechanism is well demon-
strated for the retinoblastoma tumor evolution (Cavenee
et al. 1983). (5) Double mitotic nondisjunction lead-
ing to two isodisomic cells -maternal and paternal-
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must be exceedingly rare. However, if it happened early
in development, with subsequent loss of the paternal
7 disomic line, the result would be what is seen in our
patient.
Our results demonstrate that the proband has two

identical chromosomes 7. This could have been due
either to a disomic maternal gamete that did not un-
dergo recombination ofchromosome 7 during oogenesis
or to a postmeiotic reduplication or nondisjunction of
chromosome 7. The possible pericentric inversion in
the mother could have suppressed recombination, yet
all three siblings of the proband showed evidence of
crossing-over. We therefore consider the possibility of
a postmeiotic event to be more likely.
The frequency of UPD occurring as a result of two

meiotic events, i.e., gamete complementation, was es-
timated by Warburton (1988) to be 1/30,000, and the
expected proportion of CF patients that is due to iso-
disomy was estimated to be 1/10,000. We estimated that
since the locus for CF has been mapped, around 2,000
families have been haplotyped on the DNA level. The
fact that already two CF patients with uniparental dis-
omy have been observed and that both had maternal
isodisomy supports a mechanism involving a nullisomic
sperm and reduplication of the maternal chromosome.

It is plausible that heterodisomic or isodisomic indi-
viduals, not detected through a recessive disorder but
manifesting a specific phenotype, will go unnoticed.
Obvious candidates for the detection of isodisomic in-
dividuals are recessive homozygotes that have only one
carrier parent. With the widespread use of RFLPs in
haplotyping families for specific loci, more cases are
expected to be found. If one considers the number of
families who have been typed for chromosome 11 be-
cause of the beta-thalassemias, the question arises
whether (a) there were isodisomics that were not ob-
served or (b) chromosome 11 is imprinted in a way that
does not permit uniparental disomy. The same line of
thought applies to other chromosomes- including the
X chromosome, in which the hemizygous males enable
easy detection of suspected individuals with uniparen-
tal disomy, i.e., affected females of healthy fathers in
a recessive X-linked disease. Therefore, in the genetic
counseling clinic, UPD should be considered as a pos-
sible cause of disease.
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