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Fragile X Genotype Characterized by an Unstable

Region of DNA

S. Yu, M. PriTcHARD, E. KREMER, M. LYNCH, J. NANCARROW,
E. BAKER, K. HOLMAN, J. C. MULLEY, S. T. WARREN,
D. SCHLESSINGER, G. R. SUTHERLAND,* R. I. RICHARDS

DNA sequences have been located at the fragile X site by in situ hybridization and by the
mapping of breakpoints in two somatic cell hybrids that were constructed to break at the
fragile site. These hybrids were found to have breakpoints in a common 5-kilobase Eco RI
restriction fragment. When this fragment was used as a probe on the chromosomal DNA of
normal and fragile X genotype individuals, alterations in the mobility of the sequences
detected by the probe were found only in fragile X genotype DNA. These sequences were of
an increased size in all fragile X individuals and varied within families, indicating that the
region was unstable. This probe provides a means with which to analyze fragile X pedigrees
and is a diagnostic reagent for the fragile X genotype.

RAGILE X SYNDROME IS THE MOST
common form of familial mental re-

closely linked (2). Neither the molecular
basis for the syndrome nor the mechanism

tardation (1). It is associated with a
rare, fragile site at Xq27.3 (FRAXA); this
association allows for cytogenetic prenatal
diagnosis and carrier detection, although
incomplete penetrance of the fragile site
renders these procedures inaccurate. The
genetics of the syndrome are bizarre. Nor-
mal men and women can transmit the fragile
X, although they do not manifest any symp-
tom of the fragile X syndrome themselves
and do not express the fragile site cytogenet-
ically. Such transmitters or carriers can have
intellectually handicapped children or
grandchildren with the fragile X syndrome
(1). The diagnosis of the fragile X genotype
relies on polymorphic DNA markers that are
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of expression of the fragile site is under-
stood. To obtain a better understanding of
the syndrome and the site, we have previ-
ously isolated a 275-kb fragment of human
DNA in a vyeast artificial chromosome
(XTY26) that spanned the fragile site at

Xq27.3 (3). This clone was constructed
from the DNA of a fragile X-affected indi-
vidual and therefore ought to contain the
sequences necessary for expression of the
fragile site.

To identify sequences that constitute the
fragile site and to screen for DNA differ-
ences between normal and fragile X individ-
uals in the vicinity of the fragile site, we used
sequences from XTY26 as hybridization
probes. We localized the fragile site by first
establishing a contig of A subclones between
the two closest probes that flanked the frag-
ile site. One of these probes (VK16, Fig. 1)
was first used to isolate XTY26; VK16 has
been localized proximal to the fragile site by
in situ hybridization (3). We established the
distal end of the contig by screening the A
library of XTY26 with an Alu polymerase
chain reaction (PCR) product (4) referred
to as Alu2 (Fig. 1). Subclone 91 was isolat-
ed with this probe, and it was subsequently
demonstrated by in situ hybridization that
the probe mapped distal to the fragile
site. We used RNA probes from each end of
91 to chromosome walk away from this

Table 1. Number of individuals with each band type seen in Southern blots probed with pfxa3 (Pst
I digests) in 136 fragile X individuals from 25 families and 130 unrelated controls. Males were
classified as affected if they had expression of the fragile site in lymphocyte culture (1), mental
retardation, and dysmorphic features of the fragile X syndrome (7). Males were classified as
“transmitting” if they were phenotypically normal (no fragile site expression, no clinical features of
the syndrome, and intellectually normal) and if they had either the appropriate position in the
pedigree or if they had a high probability, on the basis of flanking DNA polymorphisms, of having
the fragile X genotype (9). Female carriers were classified as affected or normal on the basis of
intellectual status, regardless of fragile site expression.

Classification Normal Single band of Two to four bands Multiple bands
band increased size of increased size (smear)
Males
Affected 0 18 10 5
Transmitting 0 11 1 0
Normal 65 0 0 0
Females
Normal carriers 82 71 5 6
Affected 9 4 3 2
Normal 65 0 0 0
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locus, and we established the direction of
the walk by hybridization back to blots of
various restricion enzyme digests of
XTY26. Each of the A subclones between 91
and VK16 was mapped relative to the fragile
site by in situ hybridization (3).

Mapping delineated the sequences that
appeared to span the fragile site to about 15
kb, although the extent and boundaries of
this region could not be sharply defined.
Each of the X clones that spanned the fragile
site was then used as a hybridization probe
to several somatic cell hybrid DNAs. Two of
these, Q1X and micro 21D, had been con-
structed from a fragile X parent cell line
(Y75-1B-M1) in such a way as to break the
X chromosome at the fragile site (5). These
hybrids have breakpoints that mapped with-
in the same 5-kb Eco Rl-restriction frag-
ment (Figs. 1 and 2). Cell line Y75-1B-M1
demonstrated an increase in size in the com-
mon breakpoint fragment from 5 to 5.9 kb,

Fig. 1. Localization of

compared with CY3, which contained an
Xgqter region without the fragile site (6). We
therefore tested the hypothesis that this vari-
ation might be associated with the fragile
site.

Subclone 5, which contained the 5-kb
Eco RI fragment (pfxal), was used as a
probe on DNA from both normal and un-
related fragile X syndrome-affected males
(Fig. 3). No variation was observed among
any normal individuals, whereas every frag-
ile X male showed an altered mobility of this
sequence from the normal size of 5.0 kb up
to about 7.5 kb. We localized the origin of
this variability further by using a series of
restriction fragments from the 5-kb Eco RI
fragment as probes. Fragments a, ¢, and d
(Fig. 1G) showed no variation between Pst
I digests of normal and affected individuals
(7). We found that the 1.0-kb Pst I fragment
b (pfxa2) hybridized to repeat sequences in
the human genome, whereas the 520-bp
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sensus sequence oligo
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GEM-3 (Promega) by
means of the manufac-

Micro 21D E

turer’s protocols and packaging extracts. The library was first screened with total human DNA, then the
plaque-purified array of 108 clones was probed with Alu2 and VK16. We generated RNA probes with
the manufacturer’s protocols and reagents from the positive clones and used the probes to walk toward
and across the fragile X region. We established the direction of the walk by mapping these RNA probes
back to the XTY26 restriction map. Each of the subclones was then used in a fluorescent in situ
hybridization assay to localize the fragile site with respect to the contig. This localization and its
approximate boundaries are shown by dashed lines. (D and E) Each of the clones that flank and span
the fragile site region as defined by in situ hybridization were used as probes in Southern (DNA) blots

of genomic DNAs. These results confirmed the Eco RI restriction map across this

region. The location

of the breakpoints in hybrids Q1X and micro 21D are indicated by dashed lines. (F) Restriction
endonuclease map of the 5-kb Eco RI fragment pfxal that demonstrated instability in fragile X
individuals. The CpG region is indicated by the cluster of “rare-cutter” restriction endonuclease
recognition sites. (G) Restriction fragments used as hybridization probes to delineate the region of
instability. Fragment b is designated pfxa2, and fragment e is designated pfxa3.
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fragment e (pfxa3), derived from fragment b
hybridized strongly to a single Pst I frag-
ment that also demonstrated variations in
size in unrelated fragile X-affected individ-
uals. Some fragile X individuals had from
one to four recognizable bands, varying in
size from about 1.5 to 3.5 kb and decreasing
in intensity as the number of bands in-
creased. Others had multiple bands that
were manifested as a smear. In those males
with only a smear, PCR amplification of the
520-bp band from their genomic DNA con-

$4 00 8V oS

kb !’
5.3~ (Q -
5.

4
P

18

Fig. 2. Southern blot analysis of somatic hybrid
cell DNAs with subclone A5. Chromosomal DNA
was isolated from the somatic hybrid cell line CY3
(6), which contains the Xq26-qter region intact
from a normal X chromosome (lane 1); Y75-1B-
MI1 (lane 2); QIX (lane 3); micro 21D (lane 4);
and the mouse cell line A9, a parent line of CY3
(lane 5). The DNA was then subjected to cleavage
with Eco RI. The blotted DNA was probed with
random-primed A5. The normal 5-kb Eco RI
fragment (which contains the Q1X and micro
21D breakpoints and the Y75-1B-M1 instability)
that demonstrated altered mobilities of Q1X, mi-
cro 21D, and Y75-1B-M1 is indicated by arrows.
The 5.3- and 1.3-kb Eco RI fragments flank the
unstable nt and were present in the micro
21D and QIX hybrids, respectively.
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Fig. 3 Unrelated fragile X~affected males demon-
strated instability of DNA sequences at the
FRAXA site. DNA from a normal male (lane 1),
a normal male from an affected pedigree (lane 2),
and four unrelated fragile X syndrome-affected
males (lanes 3 to 6) was digested with Eco RI and
subjected to Southern blot analysis; subclone AS
was used as a probe.
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Fig. 4. Instability of
FRAXA sequences in a
fragile X syndrome ped-

igree. DNA from mem-
bers of the fragile X syn-
drome pedigree in-dicated
was digested with Dst I
and subjected to Southern
blot analysis (the corre-
sponding lane is found
under each symbol); pfxa3
was used as a probe. We
performed the hybridiza-
tion at 65°C, followed by
washing in 0.1x SSC
(0.015 M sodium chloride
and 0.0015 M sodium ci-
trate) at 70°C for 30 min
because the T, (denatur-
ation temperature of 50%
of this probe) was 77°C.
Pedigree symbols: normal
carrier males (dot in a
square) or normal carrier
females (dot in a circle) do
not express the fragile X;
half shaded circle, normal
female that does express
the fragile X; shaded
square, retarded fragile X
syndrome male that ex-
presses the fragile X; open
circle, normal female; and
open square, normal male.

Normal individuals in the third generation had a <2% chance of carrying the fragile X, as determined by

flanking DNA polymorphisms (9).

firmed that this sequence was present, was
always of the same size in fragile X and
normal genotypes, and had not been deleted
from any fragile X genomes (7). The num-
ber of fragile X genotype and normal DNA
samples analyzed and the patterns of hybrid-
ization seen in the samples are summarized
in Table 1.

The nature of this variable sequence was
further investigated in fragile X syndrome
pedigrees; a sample pedigree is shown in
Fig. 4. This analysis demonstrated segrega-
tion of the variable sequence with the fragile
X genotype, with altered mobilities ob-
served in nonpenetrant transmitting males
and in carrier females as well as in affected
males. The alteration in mobility varied
within families: a single band was observed
and usually increased in size from generation
to generation when the genotype was trans-
mitted by females, but not when it was
transmitted by males. The size of the band
was usually larger in affected individuals
than in normal carriers; however, there was
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no obvious relation between band size and
phenotype. The increase in band size sug-
gests amplification or insertion. The lack of
a single hybridizing band in some fragile X
genotypes may reflect somatic heterogeneity
because the probe sequence is known to be
present. These properties suggest that the
sequences inserted into or amplified from
the 1-kb Pst I fragment are unstable in
fragile X individuals. The molecular basis for
the instability is not clear because of diffi-
culties in performing the sequence analysis;
however, the observation of repeat se-
quences (7) in the unstable region suggests
that the instability of the fragile X might be
due to variations in the length or number of
these repeats. The restriction map of XTY26
that was derived from a fragile X individual
did not appear to differ from the restriction
map of normal human DNA in the region of
instability. This may be due to an undetec-
ted small difference in the size of the 1.0-kb
Pst I fragment or to a deletion of the
amplified region during cloning.

The 1-kb Pst fragment is GC-rich and is
refractory to PCR analysis (7). A high GC
content is reflected in the existence of a
region that contains recognition sites for
several CpG-dependent restriction enzymes.
Three of these recognition sites are subject
to variations in methylation status that seg-
regate with the fragile X syndrome pheno-
type, but not the genotype (8). The obser-
vation of unstable sequences at the fragile
site locus that segregate with genotype,
regardless of fragile site expression or phe-
notype, suggests that the degree of size
increase in these sequences might modulate
fragile X expression and the associated syn-
drome. The immediate proximity of the
unstable sequences to a CpG island suggests
interference with either the expression of a
gene or the function of its product as a
molecular basis for the disease’s phenotype.

The isolated 520-bp segment (pfxa3) of
the 1-kb Pst I fragment is a diagnostic
reagent for detection of the fragile X geno-
type. This segment can detect all fragile X
males by the altered mobility of a 1-kb Pst I
band or by the band’s apparent absence; it
will, however, reliably detect only those
fragile X females in which there is a band or
bands of altered size, because for those
females where the abnormal band is a smear,
the pattern appears to be similar to that of
normal females. The primary diagnosis of
fragile X could move soon from the cytoge-
neticist to the molecular geneticist. Further
experience with the probe in fragile X fam-
ilies could conceivably lead to a means of
fragile X phenotype prediction, as well as
genotype identification.
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