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Summary

Two unrelated boys are described with delay in develop-
ment and submicroscopic deletions in Xq28, near
FRAXE. Molecular diagnosis to exclude the fragile X
(FRAXA) syndrome used the direct probe pfxa3, to-
gether with a control probe pS8 (DXS296), against Pstl
restriction digests of DNA. Deletions were detected ini-
tially by the control probe pS8, which is an anonymous
fragment subcloned from YAC 539, within 1 Mb distal
to FRAXA. Further molecular analyses determined that
the maximum size of the deletion is <100 kb in one
boy (MK) and is wholly overlapped by the deletion of
up to -200 kb in the other (CB). These deletions
lie between the sequences detected by the probe
VK21C (DXS296) and a dinucleotide repeat VK18AC
(DXS295). The patient MK had only speech delay with
otherwise normal development, while patient CB had
global developmental delay that included speech delay.
Detection of overlapping deletions in these two cases
led to speculation that coding sequences of a gene(s)
important in language development may be affected.
Hybridization of the pS8 and VK21A probes to zoo-
blots revealed cross-species homology. This conserva-
tion during evolution suggested that this region contains
sequences with functional significance in normal devel-
opment. The VK21A probe detected a 9.5-kb transcript
in placenta and brain and a smaller, 2.5-kb, transcript
in other tissues analyzed.

Introduction

Three folate-sensitive fragile sites have been cloned in
Xq27-q28: FRAXA in Xq27.3 and FRAXE and FRAXF
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in Xq28 (Oberle et al. 1991; Yu et al. 1991; Knight et
al. 1993; Parrish et al. 1994). The fragile X syndrome,
associated with the FRAXA fragile site, is the most com-
mon form of X-linked mental retardation. The mutation
found in the majority of patients with fragile X syn-
drome is unstable amplifications of the trinucleotide
(CCG)" repeat within the 5' UTR of the FMR1 coding
sequence (Verkerk et al. 1991). Abnormal expansion of
the repeat beyond -230 copies extinguishes expression
of the FMR1 gene (Pieretti et al. 1991). Rare patients
with the clinical features of the fragile X syndrome but
with no CCG amplification and no cytogenetic expres-
sion of a fragile site have loss of gene function, due
either to submicroscopic deletions removing all or part
of the FMR1 gene (Gedeon et al. 1992; Wohrle et al.
1992; Tarleton et al. 1993; Meijer et al. 1994; Trottier
et al. 1994) or to point mutation (de Boulle et al. 1993).
Correlation of the nonspecific mental retardation pheno-
type to repeat expansion at FRAXE is less conclusive
(Knight et al. 1993; Mulley et al., in press), and FRAXF
has no apparent association with mental impairment
(Parrish et al. 1994).
The clinical features of fragile X syndrome, although

recognizable in older patients, are subtle in very young
individuals, in whom the syndrome can elude early de-
tection. One of the first nonspecific signs is develop-
mental delay, and, for this reason, children with devel-
opmental delay are referred for diagnosis of the fragile
X syndrome. Molecular diagnosis relies on Southern
analysis using probes such as pfxa3, StB12.3, and
Oxl.9, which detect the amplification of the FRAXA
CCG repeat. The pfxa3 diagnostic protocol (Sutherland
et al. 1991) includes the anonymous probe pS8, at the
DXS296 locus, to act as an internal control that con-
firms the presence of fully digested DNA in each sample
track.

Australian patients with developmental delay were
screened with these probes for early ascertainment of
cases with fragile X syndrome. Deletion of the pS8 con-
trol probe was detected in one case, and a second case
was independently ascertained in Finland by using the
same probe combination. Both deletions are distal to
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Figure I Left, Face of patient CB. Note the widely spaced teeth
and bilateral epicanthal folds. Clinical assessment of this boy at age
2 years 9 mo revealed global developmental delay. Above, Pedigree
of CB (III-2). The proband is indicated by an arrow. DXS296 (VK21A-
TaqI RFLP) and DXS52 genotypes are shown (DNA was not collected
from II-1 or III-3). 11-2 was determined to carry the deletion by dosage
and was confirmed to be hemizygous rather than homozygous for
allele A at DXS296, by FISH.

FRAXA and FRAXE and do not involve the FMR1 gene.
We present the clinical and molecular findings in these
two cases and their available families, and we also pres-
ent evidence that suggests the presence of a gene within
these deletions that is involved in the development of
normal brain function.

Patients, Material, and Methods

Patients
Patient CB (Australia).-The proband (fig. 1, left-hand

panels) was born at 34 wk gestation, with hyaline mem-
brane disease. He is the second child of nonconsanguine-
ous parents (fig. 1, right-hand panel). The elder brother
is normal in intellect and development. Physical exami-
nation of the proband, at age 2 years 9 mo (corrected
age 2 years 7 mo), showed mild joint hyperextensibility
and generalized hypotonia. Speech and motor skills were
delayed. He was an affectionate child who displayed
excessive hand flapping and tremulousness when ex-
cited. He had grown normally, with height 96.5 cm
(75th centile), weight 13.7 kg (25-50th centile), and
head circumference 49.5 cm (50th centile), but he had
slight dysmorphism, with protuberant ears, bilateral epi-
canthal folds, a divergent strabismus, and widely spaced
upper and lower teeth (fig. 1, left-hand panels). There
was a small telangiectasia over the lateral aspect of the
left nostril, as well as a flat hemangioma at the nape of
the neck. The palate, hair, and hairline were normal, as

were the fingers, nails, and palmar creases. Neurologi-
cal, cardiovascular, and genital findings were normal.
Formal assessment revealed a global developmental de-
lay of 18 mo.

Patient MK (Finland).-This boy (fig. 2, left-hand panels)
who had speech delay, is the second child (fig. 2, right-
hand panel) of three boys. Both of his brothers have
developed normally; the younger brother appears nor-
mal at the age of 2 years. The parents were healthy and
nonconsanguineous. The mother's maternal aunt has a
13-year-old son who has poor speech but attends normal
school, with major difficulties. Clinical assessment of
the patient MK at 4 years 9 mo showed that his motor
skills and neurological performance were normal. His
motor development was normal, he walked unaided at
10 mo of age, and he was not clumsy or hypotonic. He
had grown normally in height (97th centile), and his
weight was normal for height and head circumference
(75-97th centile). He had mild dysmorphic features (fig.
2, left-hand panels), with slight epicanthal folds, long
eyelashes, and a somewhat higher nasal bridge than seen
in the average Finnish child (Finnish children usually
have a low nasal bridge). The skin, hair, hairline, palate,
teeth, and ears were normal. The fifth fingers (fig. 2,
left-hand panels) and the second toes showed mild clino-
dactyly. Cardiovascular, respiratory, abdominal, and
genital examination findings and electroencephalogram
were normal. MK has delayed speech and, according to
his parents, severe difficulties in understanding speech.
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Figure 2 Left, Face and hands of patient MK, deleted for pS8
sequence. Clinical assessment showed isolated speech delay only.
Above, Pedigree of MK. The proband is indicated by the arrow. The
presence (+) or absence (-) of the pS8 sequence is indicated for family
members, where known.

Audiological evaluation, undertaken because of the
speech delay and poor comprehension, was normal at
age 4 years. During the genetic counseling session he
said some words that only the parents could understand.
He is said to have a habit of rolling himself on the floor
in a nearly autistic fashion, although he stops when told
to. He performs within the average normal range on
psychological tests (Leiter, WPPSI, and VMI), except on
tests needing verbal skills.

Material and Methods
Molecular analysis.-Molecular diagnosis for the fragile

X syndrome was carried out using the pfxa3 and pS8
probe combination (fig. 3), as described elsewhere (Suth-
erland et al. 1991). The probes pS8, VK21A, and
VK21C represent the DXS296 locus and map onto
YAC539 (fig. 4A). The VK21 subclones of DXS296 map
to Xq28, -600 kb distal to FRAXA (Bell et al. 1991)
and also distal to FRAXE, but -800 kb proximal to the
IDS gene (Wilson et al. 1991). The sequence at DXS295
(VK18AC), amplified by PCR, maps only to the distal
YAC D49G8, while pS8 and VK21A link three YACs-
XY539, A14D5, and D49G8-into a contig spanning
>500 kb (Kalatsis 1991). Oligonucleotide primer pairs
XY539R and XY539L at the right and left ends, respec-
tively, of the YAC539 were available for amplification
of PCR products, to define the deletions. The more te-
lomeric probe at DXS52 (St-14) was also analyzed, in
order to determine chromosomal phase of the deletion
in CB. The probe OxE20 was used against HindIII di-

gests, to determine if this sequence near the FRAXE
CCG repeat was involved in the deletions. PCR amplifi-
cations and Southern analyses were performed as de-
scribed elsewhere (Gedeon et al. 1992).

EcoRI-digested DNA from the somatic cell hybrids,
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Figure 3 Southern analysis using pfxa3 and pS8 double hybrid-
ization on PstI-digested DNA from (A) the family of CB and (B) the
patient MK and his mother. The normal band detected by pfxa3 is
1.0 kb, and that detected by pS8 is 800 bp. The control probe pS8 is
deleted from CB (lane 5) and MK (lane 9). In A, normal males are in
lanes 1 (unrelated control), 2 (I-1), and 6 (III-1). The grandmother (I-
2), lane 3, has the same relative dosage of pfxa3 to pS8 as does the
unrelated female control in lane 7, but the mother of CB (lane 4) has
only half the relative intensity of pS8 to pfxa3, indicating that she is
a carrier. In B, the carrier status of the mother of MK (lane 10) can
be determined in the same way.
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Figure 4 Linear map of the region. A, Relative positions of probes VK21A, VK21C, and pS8 and PCR primers XY539L, XY539R, and
VK18AC are shown against overlapping YACs XY539, D49G8, and A14D5 and with respect to the orientation on the X chromosome. B,
Extent of the deletion in each patient, with presence (+) or absence (-) of marker sequences noted for each probe.

CY2 and CY3, containing complementary portions of
the X chromosome that were derived from a human
X:16 translocation in a mouse background (Suthers et

al. 1990), were included on a zooblot, together with
samples from mouse, dog, chicken, man, echidna,
orangutan, marmoset, and monkey. This zooblot was

screened with the probes VK21A and pS8 (fig. 5), to
detect cross-species homology.
Northern blot hybridization(s), using both pS8 and

VK21A probes, was carried out according to the instruc-
tions of the manufacturer of the blot (Clontech). After
a medium-stringency wash (2 x SSC, 0.5% SDS at 420C
for 15 min, for both probes), the membrane was exposed
to an autoradiography film (Kodak) at -800C for 48-
96 h.

Cytogenetic and FISH analses.-Routine cytogenetic
analysis for chromosomal abnormalities and fragile sites
was carried out on a peripheral blood sample from pa-

tient CB. FISH was used to determine the carrier status
of his sister (III-3). Hybridization with the combined
probes VK21A and pS8 was performed as described
elsewhere (Callen et al. 1990). A plasmid hybridizing at
high stringency to the pericentromeric alphoid sequences

of the X chromosome (Choo et al. 1987) was also added
to the hybridization mixture.
To assess the pattern ofX inactivation in CB's carrier

mother (II-2), FISH was performed on R-banded meta-

phases exhibiting early- and late-replicating X chromo-
somes, by using a method described elsewhere (Gedeon
et al. 1992) and the same three probes mentioned above.

Results

The pfxa3 probe was unremarkable in either boy,
with each demonstrating the normal 1.0-kb PstI frag-
ment (fig. 3). This excluded the diagnosis of fragile X
syndrome but confirmed the presence of fully digested
DNA in each lane. The lack of signal observed with the
pS8 probe therefore indicated submicroscopic deletions
in each boy. Further investigations, with nearby probes
and primer sequences, characterized the extent of the
deletion in each patient (fig. 4B). Family studies were

undertaken to determine whether these deletions were

de novo or inherited mutations. Neither boy had either
abnormal CCG expansion at the FRAXE locus or alter-
ation of the 5.2-kb HindIII fragment present in normal
boys, as determined by the OxE20 probe.

Patient CB
This patient did not have detectable cytogenetic ex-

pression of a fragile site or a microscopically visible
chromosomal deletion. The pS8 probe detects an 800-
bp PstI fragment or a 6.0-kb HindII fragment in normal
individuals. Neither fragment was present in this boy.
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+
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Figure 5 Zooblot with EcoRI-digested DNA from somatic cell hybrids in a mouse background. Shown are CY3 (lane 1), CY2 (lane 2),
and samples representing several species: human (lane 3), mouse (lane 4), hamster (lane 5), dog (lane 6), marmoset (lane 7), monkey (lane 8),
orangutan (lane 9), chicken (lane 10), echidna (lane 11), and human (lane 12). Evolutionary conservation of the pS8 sequence (left) and the
VK21A sequence (right) is indicated by hybridization of these probes across several species.

Sequences complementary to the probe VK21A and the
distal end clone from YAC539 (XY539R) were also de-
leted in the proband. The probe VK21C detected only
one of the two expected monomorphic TaqI fragments
of 5.9 and 5.2 kb. Absence of the 5.2-kb fragment de-
fines the proximal breakpoint for this deletion. The dis-
tal breakpoint could not be as accurately determined.
The dinucleotide sequence of VK18AC at DXS295, dis-
tal to DXS296, was not deleted and is therefore outside
the telomeric limit to the deletion. The distal breakpoint
for this deletion lies in the interval between XY539R,
at the distal (right) end of YAC539, and DXS295. This
submicroscopic deletion spans 100-200 kb and is asso-

ciated with, though is not necessarily the cause of, global
developmental delay in this boy.

Family studies determined that the VK21A probe se-

quence was present in the grandfather (I-1) and the nor-

mal male sibling (III-1). The TaqI RFLP was heterozy-
gous in the grandmother (I-2) (fig. 1, right-hand panel).
Genotyping of the DXS52 RFLP within this family was
consistent with the pedigree as given and suggested that
the deletion arose in the grandpaternal chromosome and
was transmitted as a new mutation to II-2 (fig. 1, right-
hand panel). Dosage estimation (fig. 3A), by comparison
of the relative intensities of pfxa3 fragments to pS8 frag-
ments within each lane, demonstrated that the mother
(II-2) carries the deletion. The relative ratio of the pS8
fragment to the pfxa3 fragment is approximately halved
in II-2.
The result of FISH to chromosomes from the proband's

sister III-3 showed hybridization of the probes VK21A
and pS8 (internal to the deletion) to both X chromo-
somes, demonstrating that she did not carry the deleted
chromosome. FISH applied to the maternal chromosomes
from blood lymphocytes, with probes internal to the dele-

tion (VK21A and pS8), gave signal on only one Xq in
60 metaphases examined. The signal was on the active
X in 15 of these 60 metaphases.

Patient MK
Although deleted for the PstI fragment detected by

the pS8 probe, the flanking sequences VK21A and more
proximal XY539L, as well as XY539R and distal
DXS295, were retained on the X chromosome of this
boy. The deleted region is >800 bp and <100 kb. It is
completely overlapped by the deletion in patient CB.
The elder brother of MK did not carry the deletion,
and the youngest sibling was not tested. Dosage analysis
based on the relative intensity of the pfxa3 fragments
to the pS8 fragments in his mother (fig. 3B) suggested
that she was a carrier, but this could not be confirmed
without FISH analysis or an informative polymorphic
marker within the interval. A junction fragment at the
telomeric breakpoint of this deletion confirmed that the
mother ofMK carries this deletion (J. Gecz, unpublished
data). The mother's cousin (II-3), although slow in de-
veloping speech, does not carry the deletion.

Conserved Sequences
The pS8 sequence was shown to be conserved across

several species (fig. 5, left). This unique-copy probe de-
tects a 9.5-kb EcoRI fragment in human and a 3.6-kb
fragment in mouse. In the hybrid cell line CY2, con-
taining the human X chromosome from Xpter-Xq26 in
a mouse background, only the mouse band (3.6 kb) can
be seen and is the same size as the band seen in lane 4,
which is mouse cell line A9. The reciprocal product of
the X:16 translocation in CY3 contains the Xq26-qter
portion of the X chromosome. In CY3, the human band
is visible, as is the mouse-specific band. Reprobing of
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Figure 6 Northern blot of RNA from seven adult tissues and
placental RNA: heart (lane 1), brain (lane 2), placenta (lane 3), lung
(lane 4), liver (lane 5), skeletal muscle (lane 6), kidney (lane 7), and
pancreas (lane 8), probed with the VK21A (DXS296) probe.

the zooblot with VK21A (fig. 5, right) revealed a similar
pattern of homologous bands.

Northern Blot Analysis
Of the two probes VK21A and pS8, only VK21A

identified a transcript on a northern blot of seven adult-
tissue and placental RNAs. The VK21A-associated gene

was found to be expressed as an -9.5-kb transcript,
predominantly in placenta and at a lower level in brain
(fig. 6). In addition to the 9.5-kb transcript, a smaller-
size transcript, -2.5 kb, was found to be present in the
other tissues, including heart, liver, skeletal muscle, and
kidney (fig. 6). Whether these represent an alternatively
spliced 9.5-kb transcript or another transcript(s) from
an additional gene(s) associated with the VK21A probe
has not been determined.

Discussion

Submicroscopic deletions of the pS8 sequence were

detected in two unrelated boys with mild clinical pheno-
types. Patient CB was referred for FRAXA analysis, as

a consequence of his "developmental delay." His clinical
status may not be related to the pS8 deletion; however,
presentation of another case, MK, also deleted for pS8
and with delay in speech development, adds credence to
the hypothesis that, within these deletions, there may be
coding sequences that are responsible for a previously
undescribed nonspecific phenotype with mild mental im-
pairment or developmental problems.
The clinical phenotype in both boys is distinct from

that seen in patients with fragile X syndrome and is
less severe. Both boys have nonspecific features, with
bilateral epicanthal folds, speech delay, and minor be-
havioral traits as the common features. There is no cyto-
genetic or molecular evidence for involvement of the
FMR1 gene, which maps proximal to DXS296. The de-
leted region is >600 kb distal to FRAXA (Bell et al.
1991), and the 17 exons of FMR1 span only 38 kb of
genomic DNA (Eichler et al. 1993).

It has been demonstrated that the mothers of both
cases are carriers. In the mother of CB the deletion is a
de novo mutation, since neither of her parents is a car-
rier. FISH was used to investigate whether skewed inac-
tivation was a feature associated- with deletion of this
region. It has been suggested that, for deletions affecting
the FRAXA region, the deleted X is preferentially active
(Schmidt et al. 1990; Clarke et al. 1991). This hypothesis
is at variance with the accepted principle that the abnor-
mal or deleted chromosome is preferentially inactivated
when there is a deviation from random inactivation. In
the carrier mother of CB, more metaphases had signal
on the early-replicating or active X, compared with the
inactive X, with probes that are internal to the deletion.
Preferential activation of the X chromosome with a dele-
tion of this region was therefore not supported and was
in agreement with results of a previous study involving
a deletion of FMR1 (Gedeon et al. 1992).
The FRAXE CpG island is estimated to be -150 kb

proximal to DXS296 (Knight et al. 1993). The PFGE
map of YAC539 (Yu 1992), does not indicate evidence
of a CpG island near the pS8 clone, but a BssHII site
-25 kb distal to XY539L, which is -75 kb proximal
to the DXS296 (VK21) locus, is likely to be the same
BssHII site shown by Knight et al. (1993) as being -100
kb distal to the FRAXE CpG island. It cannot be ascer-
tained, with he sical mapping, whether the
FRAXE gene extends toward and onto the YAC XY539.
Although the probe OxE20 is not involved in the largest
deletion, the close proximity of the FRAXE gene region,
adjacent to DXS296, should not be overlooked. This
result does not exclude involvement of a gene associated
with the FRAXE CpG island, since such a gene may
extend over many kilobases of genomic DNA. The
cDNA associated with the FRAXE CpG island has not
been isolated and thus is not yet available for examina-
tion of alterations in the transcript in these patients.
The fact that there was mental retardation in patient

CB but that it was not seen in patient MK may be a
consequence of the respective sizes of the deletions. The
deletion in the case of CB may involve additional genes
or possibly part of the coding sequence of the same gene
that is disrupted by CCG instability in FRAXE-positive
individuals. Alternatively, the mental retardation may
arise because of faulty transcription of another gene(s)
in close proximity to FRAXE. Association with global
developmental and speech delay in CB and with isolated
speech delay in MK suggests that a gene with a func-
tional role in normal language development may be
found within the common deleted sequences near pS8.
Deletions of the IDS gene have been shown to extend
proximally to include the DXS296 locus, although the
severity of the phenotype of Hunter syndrome would
make it difficult-o identify other minor physical or intel-
lectual abnormalities (Wilson et al. 1991) attributable to
other genes associated with deletion of pS8 and VK21A
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sequences. A cytogenetically visible deletion of FMR1
extends over 3 Mb distally and includes the DXS296
locus (Tarleton et al. 1993). The phenotype in that case
had much in common with CB, in that he had bilateral
epicanthal folds, hypotonia, and delayed psychomotor
and speech development (Albright et al. 1994). Many
of these features are likely to be due to deletion of both
FRAXA and FRAXE, so, again, separation of specific
features associated only with deletions of VK21A
(DXS296) is not possible. Deletions generally represent
only a small proportion (5%-10%) of the mutations of
most disorders (Ketterling et al. 1994), suggesting that
the associated gene, possibly the one carrying the
FRAXE CCG repeat, may account for a significant por-
tion of cases affected with developmental delay or mild
mental impairment, once the fragile X syndrome has
been excluded.
The pS8 subclone, used as the control probe in fragile

X diagnosis, detects a sequence conserved across several
species. No transcript was detected on the northern blot,
however, so that pS8 may lie in an intron with functional
significance, or putative coding sequences may be ex-
pressed only at very low levels or not at all in the adult
and placental tissues examined. Deletion of this region
in both boys may be related only to the common pheno-
type of speech delay with minor dysmorphism.
The demonstration of an -9.5-kb transcript detect-

able by VK21A confirms the existence of a large gene
that may extend into the 100-200-kb deleted region of
CB and that is expressed during fetal development and
in the adult brain. The deletion of a portion of this
transcript in patient CB may account for his global de-
velopmental delay. Exons from the VK21A transcript
map on either side of the 800-bp-100-kb deletion in
MK (J. Gecz, unpublished data). Intervening exons of
this transcript or coding sequences for another gene(s),
or gene expression may be modified by position effect.

Sequence homology was previously shown with the
VK21 probe, which detects a single HindIII fragment in
both mouse and hamster (Wilson et al. 1991). This was
confirmed on EcoRI digests, and homology with several
other, more distant species, including dog, monkey, and
chicken, was demonstrated. Similar cross-species ho-
mology patterns observed with both pS8 and VK21A
probes suggests that they might detect different exon
sequences of the same gene or of different genes. This
degree of evolutionary conservation, deletion of these
probes in patients with developmental problems, and
detection of a transcript from the region arouse specula-
tion that these probes represent parts of a gene(s) in-
volved in normal development, which, when inactivated,
has clinical significance.
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