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Unusual (CGG)n expansion and recombination
in a family with fragile X and DiGeorge
syndrome
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Abstract
In a fragile X family referred for prenatal
diagnosis, the female fetus did not inherit
the full fragile X mutation from her
mother, but an unexpected expansion
within the normal range of CGG repeats
from 29 to 39 was observed in the pater-
nal X chromosome. Also, a rare re-
combination between DXS548 and
FRAXACI was recorded in the maternal
meiosis. Follow up of the neonate con-
firmed the same DNA genotype as in the
CVS, but the child died of DiGeorge syn-
drome after four days and was sub-
sequently found to carry a microdeletion
of chromosome 22 using probe cEO. It is
suggested that in this family the deletion
of chromosome 22 is likely to be a chance
event but the rare recombinant and the
fragile X mutation might be causally re-
lated.

(J7Med Genet 1995;32:236-239)

Fragile X syndrome is caused by a large ex-
pansion of a sequence of trinucleotide (CGG)
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repeats in the first exon of the FMR-1 gene in
Xq27.3.' Such large expansions do not arise
de novo but are derived from "premutations",
smaller expansions of the repeat which are
clinically neutral but which show an increased
tendency to expand further. In normal people
the length of the repeat varies from 13 to 50
copies but is stably inherited through families,
while repeat lengths over 60 show the pro-
gressively increasing instability characteristic of
a premutation.' It is not known whether alleles
between 50 and 60 are predisposed to mutate
as they prove to be stable in some pedigrees
and unstable in others; conceivably this may
depend upon either the genetic background
or the purity of the repeat sequence.' Large
expansions (>200 repeats) result in hy-
permethylation of the gene region and con-
sequent failure of gene expression,4 giving rise
to the clinical syndrome. In addition, the large
expansion is associated with a fragile site in-
ducible in cell culture, which gave the syndrome
its name.
With the isolation of probes to the region5-7

and ofPCR primers flanking the repeat,2 direct
diagnosis of carrier status and prenatal diag-
nosis by molecular techniques have now be-
come routine. The PCR test permits rapid
exclusion of fragile X in normal males and
females upon detection of one, or two, normal
sized fragments respectively. No new mutation
from within the normal range to a premutation
sized allele has yet been reported, and until
now no large scale expansions within the nor-
mal range have been observed although oc-
casional increases by one or two repeats are
documented.8 One example of a decrease in
size from 29 to 21 repeats has recently been
recorded in a Japanese family.9
We report here on a prenatal diagnosis for

fragile X which found a remarkable com-
bination of unusual events, including an ex-
pansion from 29 to 39 repeats on the paternal
X chromosome, a rare recombination between
FMR-1 and a close proximal marker on the
maternal X chromosome, and a de novo sub-
microscopic deletion in chromosome 22 which
resulted in the death of the neonate at 4 days
of age.

Figure 1 Pedigree of the family showing the haplotypes (top to bottom) for microsatellite
markers VK23, DXS548, FRAXAC1, the number ofCGG repeats in FMR-1 (or, in
AL subjects, the size of expansion (A) in base pairs), and FRAXAC2. Phase is inferred
in most subjects assuming no recombination, but was proven in IV 1 by analysis of the
father's haplotype and also that of the separated paternal X chromosome of IV 1 by
somatic cell hybridisation (see Methods).

Materials and methods
FMR-1 ALLELES AND FLANKING MARKERS
Restriction enzyme digestion, Southern trans-
fer, and hybridisation were carried out as de-
scribed previously25; PCR of the CGG repeat
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50 ng of template was combined with 1 pmol
of primer, the reactions denatured at 98°C for
five minutes, and cycled through 30 elongation/
termination steps of 980C, 15 seconds and
70°C, one minute. Reactions were denatured
at 95°C and run on 5% polyacrylamide se-
quencing gels. Autoradiography was carried
out with Kodak XAR5 film at -70°C.
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Figure 2 PCR analysis of the CGG repeats showing an expansion in the fetus IV-1
relative to the paternal (III 1) allele of 29 repeats. Size standards are fragments of
pBR322MspI; PCR primers and conditions were as described by Fu et al.2

was as described by Fu et al.2 Markers flanking
FMR-1 were analysed using protocols de-
scribed in reference 17 or in references therein.

SEPARATION OF THE X CHROMOSOMES
Hybrid cells were obtained by fusing fibroblasts
from newborn umbilical cord with A9 mouse
fibroblasts26 and selection in HAT medium.
The hybrids were screened to determine par-

ental origin of the separated X chromosome by
PCR analysis of alleles at the androgen receptor
locus.27

SEQUENCING OF THE CGG REPEATS
DNA was gel purified following PCR using
flanking primers, and the purified fragments
sequenced directly using the exonuclease de-
ficient Pf-u Cyclist sequencing kit (Stratagene)
with modifications as described.2' To detect
the first base variation in the triplet array, only
the G/T terminations are necessary when se-

quencing from the distal end. Approximately

Results
The family pedigree is shown in fig 1. The
proband (III4), who was referred to us when
his sister (III2) became pregnant, is 34 years
old and did not show an obvious fragile X
clinical phenotype but was intellectually im-
paired. He was found to have 34% fra(X) cells
and a large (AL) DNA expansion was detected
by Southern analysis. Of the remaining family
members, III2 and II3 also had AL expansions
and II-2 had a premutation (AS). A chorionic
villus sample was taken from IV* 1 and DNA
analysed by PCR and Southern blotting. No
AL expansion was found in the CVS which
had a normal female restriction fragment pat-
tern using a double BstZI and EcoRI digest.
However, PCR analysis (fig 2) showed an allele
of 39 CGG repeats which was not present in
either parent. Assuming the fetus's other allele
of 30 repeats to be maternal in origin, the 39
repeat allele must either have arisen from an
expansion of the 29 repeat allele of III1, or
from a different father.
To exclude the latter possibility, the CVS,

together with III 1 and II-4 who also has a 39
repeat allele, were analysed with 25 mi-
crosatellite and VNTR markers on nine differ-
ent chromosomes. The results (not shown)
indicated convincingly that II-4 cannot be the
true father of the fetus, while almost certainly
confirming true paternity of the alleged father
III1. Thus III1 is the only plausible source
of the new 39 repeat allele which therefore
represents a new rare expansion event within
the normal range of repeat lengths.

Analysis of close flanking markers, together
with the confirmation of III1 as the father of
the fetus showed another surprising anomaly
(fig 1), that of a recombination on the maternal
X chromosome between the marker loci
FRAXACI. and DXS548. By exclusion of the
paternal alleles, the remaining maternal
DXS548 and VK23 alleles in IV 1 were re-
combinant with respect to fra(X) status, while
those ofAC 1 and AC2 were non-recombinant.
DXS548 is approximately 140 kb from AC 1,
and until recently had been reported at zero
recombination fraction within FRAXA.'0 How-
ever, two recombinations between DXS548
and FRAXA have recently been seen in the
same laboratory and it was suggested the map
distance could be up to 6 cM."1 Nevertheless,
the absence of any previously reported re-
combinant between these two loci, the presence
oflinkage disequilibrium between DXS548 and
the FRAXA locus, and their separation by only
140 kb makes a genetic distance greater than
1 cM implausible.
Having been assigned a low risk of fragile

X, the pregnancy continued. An apparently

-.'-
-1-00000
'.W-

-R.

237

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.32.3.236 on 1 M
arch 1995. D

ow
nloaded from

 

http://jmg.bmj.com/


Macpherson, Curtis, Crolla, Dennis, Migeon, Grewal, Hirst, Davies, J7acobs

L.(]t) normal female infant weighing 2900 g was born
i_ at term. At the age of 3 days the baby suddenly

became ill and was admitted to hospital with
~--1 circulatory failure. A diagnosis of type B in-
/jt terrupted aortic arch, small aortic valve an-

nulus, ventricular septal defect, and restrictive
patent ductus arteriosus was made and a cor-

G -r rective operation was carried out the same day.
Circulatory function was never fully regained
postoperatively, and the baby died aged 4 days.
Necropsy confirmed the congenital cardiac ab-

G T !G T normalities and also showed a grade 3 in-
traventricular haemorrhage. No thymus or

v-tv parathyroids could be identified on naked eye
"O.
L and histological examination of the anterior

v4 I r *--} mediastinal contents.
-e:s:A.4ig4 z g -wThese symptoms are typical of DiGeorge
;̂̂_syndrome, and this diagnosis was confirmed

by the detection of a submicroscopic
del(22) (qll.2) using the cosmid probe cEO
on in situ metaphase preparations, from skin
fibroblasts. No such deletion was found in
either parent, indicating a de novo mutation.
We attempted to determine the parental origin

- = *,,t of the 22q deletion without success: of four
microsatellite markers from 22q 1, two were
non-deleted and two were uninformative. Ana-
lysis of the FMR-1 (CGG)n sequence showed

i- the same sized alleles (29 and 39 repeats) as
had been detected in the CVS, on samples of
cord blood, placenta, skin, and cultured skin
and muscle fibroblasts. Two other trinucleotide

< 11 repeat sequences were also analysed at the loci
for myotonic dystrophy (DM) and Hun-

* *; * tington's disease (HD), but no mutations in
these repeats were recorded in any ofthe family

Figure 3 Sequencing of (data not shown).
the FMR-1 array fromthe1, 1112, and IVom Separation of the paternal from the maternal
(expanded X) using X chromosomes in cell lines from cord fibro-
termination reactions blasts was achieved by fusion with a mouse cell
designed to identify only line, and subsequent DNA analysis confirmed
the first base variation of
each triplet. Reactions G that phase was as shown in fig 1. Sequencing
and T indicate the presence of the trinucleotide tract was performed on
of the triplet CCG and the X chromosome of III 1, the normal X
CCT, as read from the
FMR-I non-coding strand. chromosome ofIII-2, and both X chromosomes

of the newborn IV 1 (fig 3). This showed the
following trinucleotide arrays:

Father IIIl
Mother III-2
Daughter IV 1:

(CGG),AGG(CGG),AGG(CGG)9
(CGG),OAGG(CGG),AGG(CGG),
(CGG)OAGG(CGG),AGG(CGG),
(CGG),AGG(CGG)9AGG(CGG),
AGG(CGG),

n=29
n=30

Xm n=30

Xp n=39

As can be seen, the parental chromosomes
differ only by one CGG repeat at the proximal
end, each having two intercalating AGG trip-
lets; the daughter's 39 repeat allele is related
to the paternal 29 repeat allele by an extra
(CGG)9+one AGG, but it is not possible to
determine where in the trinucleotide array this
insertion has occurred.

Discussion
It would seem that three rare events have oc-

curred in a single generation of this family.
There has been no reported association be-
tween fragile X and DiGeorge syndromes in the
past but both are relatively common conditions
and their association in this family may well be

the result of chance. However, while the two
rare events in the same region of the X chro-
mosome may also be independent, we think
that they might well be related.
The recent evidence suggesting that ex-

pansion of the CGG repeat in FMR-1 might
occur postconceptionally, rather than at mei-
osis,1213 allows for a hypothesis about how the
two events on the X chromosome may be
explained. We suggest that the recombination
in III-2 either (1) triggered or (2) was triggered
by a locally acting instability gene (which could
act both in cis and in trans) which, when passed
on to the daughter, was responsible for the
postconception expansion from 29 to 39 re-
peats on the paternally inherited X chro-
mosome. It is difficult to test this hypothesis
directly, but several lines ofcircumstantial evid-
ence support the idea. (1) A family has been
described in which a mutation from 42 to
43 repeats occurs on a paternally inherited X
chromosome in one daughter who has also
inherited a full fra(X) mutation from her
mother, while the same 42 repeat allele remains
stable in another daughter who inherited the
normal maternal allele.14 This would be con-
sistent with the idea of a maternally transmitted
instability gene with postconception ex-
pansions, though the second unstable event in
this case is only a single repeat difference. (2)
In 121 female meioses analysed by Zhong et
al,'5 four new mutations at FRAXAC2 were
observed, three of which were in a single sib-
ship. By contrast, Richards and Mornet'6 ana-
lysed 311 female meioses and found no example
of an AC2 mutation, suggesting that one of
the families of Zhong et all5 was unusually
predisposed to mutation at FRAXAC2. (3)
Expanded and thus unstable alleles of the
FRAXA gene occur most frequently on rare
or even unique haplotypes, 7 suggesting that
alterations of the haplotype, owing to re-
combination or mutation, in the vicinity of
the FRAXA gene and its expansion are not
independent events. (4) Instability in multiple,
dispersed microsatellite sequences including
triplet repeats has been shown in tumour tissue
from colorectal cancers linked to mismatch
repair genes on chromosomes 2 and 318-21
which, although not necessarily by the same
mechanism, supports in principle the idea of a
gene promoting clusters of apparently het-
erogeneous DNA alterations.
The sequence data show that both parents'

chromosomes have two intercalatingAGG trip-
lets at the same position and differ by only one
CGG repeat at one end. The occurrence of
interstitial AGGs is very common in FMR-1
and is held to confer stability on the repeat
sequence, while those alleles with longer tracts
of pure CGG are apparently more prone to
slippage and expansion.142223 Although no loss
of an AGG has occurred in this case, the exact
positioning of the AGG interruptions might
prove to be critical and could indicate a po-
tential for postzygotic interaction of maternal
and paternal trinucleotide tracts leading to the
unusual 10 repeat expansion. Sherman and
Ashley24 have proposed a model for FMR-1
expansion in which rare mutations of 10 repeats
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occur in addition to the more common slippage
by one or two repeats, and where each unit of 10
repeats mutates independently (a "branching"
model). This study has provided a first doc-
umented case of a 10 repeat expansion from a
normal allele, and also indirectly suggests a
biological basis (in the positioning of in-
tercalating AGG triplets) for possible in-
dependent mutation of 8, 9, or 10 repeat
trinucleotide segments. Finally the observation
of a A 10 repeat mutation on a common haplo-
type (7-3-4) for 548-AC1-AC2 lends support
to our assertion'7 that while one haplotype, 2-
1-3, is associated with fra(X) cases derived
from a single ancestral leap to a high end
normal allele ("founder effect"), new mutations
could still occur with significant frequency and
with perhaps more rapid progress to a full
mutation, on a range of other haplotypes.
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