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Summary

In this study, we have characterized a CGG repeat at the FMR-1 locus in more than 100 families (more than 500
individuals) presenting for fragile X testing and in 247 individuals from the general population. Both Southern
blot and PCR-based assays were evaluated for their ability to detect premutations, full mutations, and variability
in normal allele sizes. Among the Southern blot assays, the probes Oxl.9 or StB12.3 with a double restriction-
enzyme digest were the most sensitive in detecting both small and large amplifications and, in addition, provided
information on methylation of an adjacent CpG island. In the PCR-based assays, analysis of PCR products on

denaturing DNA sequencing gels allowed the most accurate determination of CGG repeat number up to

approximately 130 repeats. A combination of a Southern blot assay with a double digest and the PCR-
sequencing-gel assay detected the spectrum of amplification-type mutations at the FMR-1 locus. In the patient
population, a CGG repeat of 51 was the largest to be stably inherited, and a repeat of 57 was the smallest size
of premutation to be unstably inherited. When premutations were transmitted by females, the size of repeat
correlated with risk of expansion to a full mutation in the next generation. Full mutations (large repeats
typically associated with an abnormal methylation pattern and mitotic instability) were associated with clinical
and cytogenetic manifestations in males but not necessarily in females. In the control population, the CGG
repeat ranged from 13 to 61, but 94% of alleles had fewer than 40 repeats. The most frequent allele (34%) was

a repeat of 30. One female had an allele (61 repeats) within a range consistent with fragile X premutations,
while two other individuals each had a repeat of 52. This suggests that the frequency of unstable alleles in the
general population may be approximately 1%.

Introduction

Recently, a number of investigators have identified the
gene (i.e., the FMR-1 gene) and gene mutations respon-
sible for fragile X syndrome (Bell et al. 1991; Kremer et
al. 1991; Oberle et al. 1991; Verkerk et al. 1991; Yu et
al. 1991). As a result of these studies, there appear to be
two areas of the gene that have particular clinical rele-
vance: a CGG repeat sequence at the 5' end of the
FMR-1 gene and a CpG island upstream of the CGG
repeat. In normal individuals, the number of CGG re-
peats is variable, with a range of approximately 5 to 50
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(Fu et al. 1991; Kremer et al. 1991). In contrast, individ-
uals affected with fragile X syndrome have DNA ampli-
fication consistent with several hundred to several
thousand copies of the CGG repeat, while phenotypi-
cally normal carriers have up to approximately 200 cop-
ies (Fu et al. 1991; Oberle et al. 1991). In addition, the
CpG island upstream from the CGG repeat is abnor-
mally methylated in affected individuals, the effect of
which appears to be reduced transcription of the FMR-
1 gene (Pieretti et al. 1991; Sutcliffe et al. 1992).
The discovery of the causative defect for fragile X

syndrome has quickly led to the development of a num-
ber of DNA-based assays, including both Southern and
PCR-based approaches, that can detect the FMR-1 am-
plification-type mutation (Fu et al. 1991; Hirst et al.
1991; Kremer et al. 1991; Rousseau et al. 1991; Brown
et al. 1992; Erster et al. 1992; Pergolizzi et al. 1992).
These assays are particularly useful for the identifica-
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tion of normal transmitting males (NTMs) and carrier
females who are frequently negative for Xq27.3 fragility
(fra(X)). In addition, molecular studies offer the possi-
bility of performing more reliable prenatal testing
(Sutherland et al. 1991).
As an increasing number of cases are being analyzed

for fragile X syndrome by direct mutation testing, a
number of questions have arisen relating to the inter-
pretation of results. For example, several reports have
described an apparently normal CGG repeat in the set-
ting of classical fragile X syndrome, including the ex-
pression of fra(X) (Nakahori et al. 1991; Dennis et al.
1992; Oberle et al. 1992; De Boulle et al. 1993). Do
these exceptional cases have an alternative FMR-1 mu-
tation or possibly a mutation at another locus? Second,
it has been shown that the numbers of CGG repeats
that constitute a premutation versus a normal allele are
very close (Fu et al. 1991; Macpherson et al. 1992).
What is the upper limit of normal, the lower limit of a
premutation, and how should repeat numbers in a bor-
derline zone be interpreted? Third, in prenatal testing,
can DNA-based studies be used for both carrier testing
and prenatal diagnosis? Finally, what is the frequency of
mutations in the general population, and how fre-
quently do we expect to find a mutation in a spouse of a
carrier of fragile X syndrome?

In this study, 116 families referred for fragile X test-
ing were examined by a number of DNA-based assays.
The aim of the study was to identify the best approach
for molecular analysis of fragile X families and to ad-
dress some of the questions and issues that have arisen
over the use of the molecular assays. To accomplish
this, the (CGG)n repeat number and the methylation
status of the 5' CpG island of the FMR-1 gene were
studied in affected and unaffected carriers of fragile X
syndrome and in individuals from the general popula-
tion.

Subjects and Methods
Subjects
The patient population included 116 families (530

individuals). Of these families, 40 had been previously
studied by linkage analysis and by direct mutation anal-
ysis using Southern blotting and the probe Oxi.9 (Snow
et al. 1992). Individuals in the previously studied fami-
lies were defined as learning disabled (LD) if they had
received special education services from their school,
while mental retardation (MR) was defined as an IQ
score of 69 or less. Of the other 76 pedigrees, approxi-
mately two-thirds were referred for testing to rule out
fragile X syndrome. Many rule-out cases represented

sporadic incidences of developmental delay, mental im-
pairment, or autistic behavior with negative, border-
line, or untested fra(X). The remainder of cases were
more suggestive for fragile X syndrome. This was based
on documentation of X-linked MR, other clinical find-
ings, and/or fra(X).

Control samples were obtained from a blood-donor
population. Samples were labeled as male or female at
the time of collection but were otherwise unmarked, so
that it would not be possible to trace the identity of
donors. Samples from 50 males and 197 females were
included as controls.

Methods
Southern blot analyses.-High-molecular-weight

DNA was isolated from peripheral blood leukocytes by
using an Applied Biosystem 340A DNA extractor (Ap-
plied Biosystems, Foster City, CA) according to the
manufacturer's instructions. Purified DNA (2.5 jg) was
digested to completion with the appropriate restriction
endonucleases. For the double digests, DNA was di-
gested for 2 h with HindIII alone, before addition of
the second enzyme. Digested DNA was fractionated on
0.8% agarose gels and then was transferred to nylon
membrane by the method of Southern. Probes Oxl.9
(from Dr. K. E. Davies, Oxford) and StB12.3 (from Dr.
J.-L. Mandel, Strasbourg) were radiolabeled with 32p_
dCTP by the random-primed oligolabeling method
(Amersham), while fxa 241 was supplied prelabeled
with 32p (Oncor). For each probe, membranes were hy-
bridized overnight (in formamide buffer) and then were
washed to 0.1 X SSC at 60°C. Typical autoradiography
times at -70°C were 1 to 3 d.
PCR-based methods.-PCR products were analyzed

either by Southern blotting (using a 5'[CGG]53' probe)
or on denaturing DNA sequencing gels. PCR primers
and reaction conditions were as described elsewhere
(Pergolizzi et al. 1992), except that reactions also in-
cluded 10% glycerol and thermocycler parameters were
95°C for 5 min, then 30 cycles of denaturation at 97°C
for 30 s, annealing at 55°C for 60 s, and elongation at
72°C for 60 s, followed by a 10-min final extension at
72°C. The presence of glycerol increased the yield of
PCR products, particularly for alleles with large premu-
tations or full mutations. For the analysis of products
on a sequencing gel, PCR reactions also included 32p_
dCTP, and radiolabeled products were diluted 1:1 with
95% formamide loading buffer and then were separated
on 6% denaturing sequencing gels (Fu et al. 1991). An
M13 sequencing ladder (G+A reactions mixed to-
gether) was used as a size marker, and, for a CGG repeat
of 30, the product size was 203 bp. Autoradiography of
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dried sequencing gels was for 1 to 2 d at -70'C. For the
analysis of products by Southern blotting, PCR prod-
ucts were separated on 1.8% agarose and then were
transferred to nylon membrane. It was discovered that
it was most important to perform electrophoresis of
PCR products in the absence of ethidium bromide,
since its presence (when included to visualize DNA size
markers) inhibited the migration of DNA. Labeling and
hybridization of the oligonucleotide probe (5'[CGG]53')
were performed as described elsewhere (Pergolizzi et al.
1992), and membranes were washed in 6 X SSC, 0.2%
SDS for 15 min at 420C and then in 2 X SSC, 0.2% SDS
for 30 min at 560C.

Cytogenetic testing.-According to established
guidelines for cytogenetic testing of fragile X syndrome
(Jacky et al. 1991), cytogenetic analyses were consid-
ered positive when 4% or more of the cells were shown
to contain a fra(X) chromosome. Fragility between 1%
and 4% was considered borderline, while values less
than or equal to 1% were considered negative.

Results
Comparison of Methodologies Used to Examine the
CGG Repeat

In this study, several methodologies were used to
detect amplification within the CGG repeat, including
several Southern blot approaches and two PCR-based
methods. The Southern blot analyses utilized a variety
of probe/enzyme combinations, including (a) Oxi.9 or
StB12.3 along with either a single-enzyme digest
(HindIII) or a double-enzyme digest (HindIII+EagI or
HindIII+NruI) and (b) the DNA probe fxa241 along
with a single-enzyme digest (PstI). The major difference
between the two PCR-based assays was essentially the
method of product detection: in one the product was
detected directly on a sequencing gel, while in the other
the product was detected after blotting and hybridiza-
tion with a radiolabeled (CGG)5 probe. Figure 1 depicts
representative results obtained by various methodolo-
gies in the analysis of both small (CGG)n amplifications
(i.e., premutations) and large (CGG)n amplifications
(i.e., full mutations). In the evaluation of the relative
efficiencies of each of the assays for detecting the spec-
trum of CGG amplifications encountered in fragile X
families, many individuals were examined by three or
more different assays. As described in table 1, each of
the assays had limitations in the range of mutations that
it could detect.
Summary of Results

Table 2 presents the results of analysis of the CGG
repeat in 458 individuals (from 74 families) referred for

fragile X testing. This population encompasses the 40
families previously studied with Oxl.9/HindIII (Snow
et al. 1992). This earlier study demonstrated that
Southern blot analysis using the probe Oxl.9 and
HindIl digestion could detect molecular alterations
associated with fragile X syndrome, since a mutation
was detected in 66 (99%) of 67 clinically affected males,
in 12 (92%) of 13 transmitting males, and in 95 (85%) of
112 carrier females. However, it was questioned
whether a lack of assay sensitivity contributed toward
the inability to detect mutations in all affected individ-
uals, obligate carriers, and individuals predicted, by
linkage, to be carriers. Therefore, many individuals in-
cluded in the previous study were reanalyzed using one
or more of the alternative assays described above. As
can be seen from table 2, several results were still dis-
crepant from those predicted either by the clinical phe-
notype or by linkage analysis. These discrepant cases,
several of which were discussed in our previous report
(Snow et al. 1992), are summarized in table 3 and in the
Discussion of the present report. In addition to the
cases described in tables 2 and 3, a mutation was not
detected for 42 pedigrees (encompassing 72 individuals)
referred for testing to rule out fragile X syndrome.
These sporadic cases of developmental delay, LD, or
MR with negative fra(X) will not be discussed further in
the present report, since they most likely do not repre-
sent fragile X syndrome.
A comparison between cytogenetic and molecular

analyses demonstrated that 74 of 75 fra(X)-positive
males and 43 of 44 fra(X)-positive females had a CGG
amplification. The two exceptional cases are described
in table 3. On the other hand, of individuals who were
found to have a CGG amplification and who had been
tested for fra(X), 13 (15%) of 87 males and 81 (65%) of
124 females had either zero or less than 4% fra(X).
Most of these individuals carried a premutation, but six
males and seven females had a full mutation and mental
impairment with negative or borderline fragility. As
shown in figure 2 (lanes 3, 5, and 6), amplification in
these cases ranged from approximately 0.6 kb to 2 kb
and was associated with incomplete methylation of the
CpG island.

Correlation of Genotype versus Phenotype
In this study, features of the full mutation included a

CGG amplification of more than approximately 0.6 kb
of DNA, abnormal methylation of the adjacent CpG
island, and somatic instability of the (CGG)n region. Of
those males who had a full mutation, 68 (96%) of 71
had MR, and the remaining three had LD. In contrast,
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Figure I Analysis of similar sizes of (CGG)n by different assays. Lanes 1 to 3, Oxl.9/Hindlll Southern blot. Lanes 4 to 6, fxa241/PstI
Southern blot. Lanes 7 to 10, Oxl.9/HindllI+Eagl Southern blot. Lanes 11 to 13, PCR analyzed by Southern blot. Lanes 1, 4, 7, and 11
represent analysis of a normal male who has 37 CGG. Lanes 2, 5, 9, and 12 represent analysis of females who have a premutation that is larger
than their normal allele by 167 bp, 200 bp, 164 bp, and 164 bp, respectively. Lane 8 shows a result obtained for a female who has a difference of
93 bp between her two normal alleles (i.e., 20 and 51 CGG). Lanes 3, 6, 10, and 13 show results obtained for males who carry a full mutation. All
(CGG)n numbers were determined by a PCR-sequencing-gel assay.

only 3 (8%) of 36 females with a full mutation had MR,
29 (81%) of 36 had LD, and 4 (11%) of 36 had no

mental impairment. A full mutation was also docu-
mented for an additional 20 males and 30 females for
whom there was inadequate information on mental
status.

Premutations identified in this study had amplifica-
tion of less than 0.5 kb, and the CpG island did not
show abnormal methylation. Of those individuals
found to have a premutation, the vast majority were

clinically and cytogenetically normal. Nevertheless, in
agreement with previous findings (Rousseau et al.
1991), LD was documented for 5 (7%) of 74 females
with a premutation and in 1 (7%) of 14 males with a

premutation. However, these frequencies are similar to
those expected for mild mental impairment in the gen-

eral population, on the basis of a mean IQ score of 100
and an SD of 15. Therefore, it is unlikely that the FMR-
1 premutation is a cause of LD in individuals included
in this study.

In 20 (25%) of 91 males and 6 (9%) of 66 females who
had a full mutation, a premutation was also detected;
that is, these individuals had a mosaic pattern. Further-
more, an additional three males had a normal size allele
as well as a full mutation. Results of karyotype analysis
of these individuals were unavailable; however, molecu-
lar studies suggested that at least two of these individ-
uals were not likely to be 47,XXY. First, Southern blot
analysis using a HindIII+EagI double digest did not
detect any inactive normal X fragment, as expected for
an XXY individual. Second, analysis of one of the mo-
saic individuals and his parents by the PCR-sequenc-
ing-gel assay showed that his normal size allele was

smaller than either of the normal alleles carried by his
parents. For the third mosaic male with a normal frag-
ment, Southern blot analysis with a double digest de-
tected faint bands (relative to the intensity of the full
mutation) at positions expected for normal active and
normal inactive alleles, suggesting that he could be
mos47,XXY. The PCR-sequencing-gel assay indicated

1 2 3
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Table I

1221

Limitations of Assays Used to Analyze the FMR- I CGG Repeat

No. of
Individuals

Assay Limitations Studied

Oxl.9/HindIII ......................... Lower limit of detection is a difference of approximately 476
150 bp between alleles

fxa241/Pstl ............................ Full mutations may be difficult to detect 234
Females who have 2 normal alleles that differ in size by 25

or more repeats may appear to have a premutation
Oxl.9/Hindlll+Eagl or StB12.3/ Lower limit of detection is a difference of approximately 222

HindllI+Nrul ....................... 90 bp between alleles
Females who have two normal alleles that differ in size by

25 or more repeats may appear to have a premutation
PCR-Southern blot ..................... Heterozygous females often demonstrate three bands 154

(possibly heteroduplex formation)
Inefficient PCR amplification of full mutations causes

misleading results for some full mutation females and
for some mosaic individuals

PCR-sequencing gel .................... Upper limit of detection is an amplification of 385
approximately 300 bp

Individuals mosaic for a premutation plus a full mutation
may show amplification of only the premutation

that the third mosaic male's normal size allele was the
same size (i.e., 30 repeats) as his mother's normal allele
but different than his father's allele. The phenotype in
individuals with a mosaic mutation was similar to that
detected in individuals with a full mutation: each of the
mosaic males and one mosaic female had MR, and the
other five mosaic females had LD. The levels of fra(X)
for individuals with a mosaic pattern were also not sig-
nificantly different (P=.4 for males; P=.2 for females)
from those for individuals with a full mutation pattern.
DNA from mosaic individuals was analyzed by the
PCR-sequencing-gel assay, and a premutation (or nor-
mal) size allele was detected in 9 of 29 cases. The pre-
mutation in the other 20 cases was probably too large
to be efficiently amplified by PCR, and/or the PCR
product did not enter the sequencing gel matrix.
Mothers of 25 mosaic individuals were studied to de-
termine their mutation type: 19 had a premutation, 5
had a full mutation, and 1 had a mosaic pattern.

Progression of Premutation to Full Mutation
The likelihood that a premutation will progress to a

full mutation, from one generation to the next, was
studied for both carrier females and NTMs. Figure 3
shows the frequency of conversion to a full mutation in

106 offspring of females who have premutations with a
size between 57 and 130 repeats. The smallest repeat
size to be converted to a full mutation in the next gener-
ation was 61, and the largest repeat size to remain as a
premutation in the next generation was 90 (115 in the
offspring). Figure 3 attempts to correct for ascertain-
ment bias by removing data for the affected proband in
each family. Without correction for ascertainment bias,
risks were altered both for transmission of repeat sizes
71 to 80 (10 [43%] of 23 offspring had a full mutation)
and for transmission of repeat sizes 81 to 90 (32 [86%]
of 37 offspring had a full mutation).

In contrast to transmission of premutations by fe-
males, transmission of premutations by males resulted
in little change to the size of CGG amplification. Of 15
daughters of NTMs, 4 had a smaller premutation com-
pared with that in their father, 5 had the same size
premutation, and 6 had a larger premutation (data not
shown). The largest decrease was from 150 to 105 re-
peats, and the largest increase was from 72 to 95 re-
peats.

Characterization of a Normal CGG Repeat
In families presented for fragile X testing, meiotic

stability was observed for CGG repeats of up to 51. For
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Table 2

Results of Molecular Testing Performed on Fragile X
Syndrome Family Members

No. OF INDIVIDUALS, BY
CGG REPEAT

AMPLIFICATION STATUS

Present Absent

Males:
Affected ................. 86 a

Carrier, by linkage ....... 12 2a
Normal, by linkage ...... 0 36
Not at risk .............. 0 48
Unknownb .............. 6 14

Females:
Obligate carrier .......... 60 0
Affected ................. 42 1 a

Carrier, by linkage ....... 22 2a
Normal, by linkage ...... 0 63
Not at risk .............. 0 2
Unknownb .............. 37 20

a Described in table 3.
bLinkage uninformative or no clinical/cytogenetic information.

repeats of 43, 47, 50, and 51, the number of meioses in
which the CGG repeat was stably inherited was 3, 2, 1,
and 5, respectively. The alleles with a repeat of 51 were
from one family that underwent fragile X testing but in
which neither instability of the CGG repeat nor abnor-
mal methylation of the CpG island was detected (fig. 4).
The proband in this family had MR and dysmorphic
features and did not show fra(X) (0/200). Other family
history included LD in a sister (who was also fra(X)
negative) and LD in a maternal uncle. Analysis of the
CGG repeat suggested that the clinical phenotype was
not associated with an abnormality of the FMR-1 gene:
first, a clinically normal brother and a normal maternal
uncle of the proband also carried the allele with 51
repeats; and, second, the LD sister did not inherit the
51 repeat allele.
The distribution of allele sizes was also studied in a

control population of blood donors. As shown in figure
5, alleles from 50 male and 197 female control individ-
uals ranged in size from 13 to 61 repeats, with 30 being
the most common allele (35%). Alleles with 45 or more
repeats were observed for eight individuals, and the
highest repeat sizes observed were 52 and 61 in females
and 52 in males. Among females, the frequency of ho-
mozygosity was 18%. Observed homozygosity did not
significantly differ from the expected level, 16.8%, cal-

culated from allele frequencies in the control popula-
tion (%2 = 0.1; P=.7).

Discussion

The mutation associated with fragile X syndrome has
been characterized and involves variable amplification
of a CGG repeat within the FMR-1 gene (Bell et al.
1991; Kremer et al. 1991; Oberle et al. 1991; Verkerk et
al. 1991; Yu et al. 1991). In a previous study, which
used the probe Oxl.9 and HindIII-digested DNA to
analyze the mutation in 40 fragile X families, 15% of
obligate carriers of fragile X syndrome were shown to
have negative or equivocal results (Snow et al. 1992).
This was despite the presence of a (CGG)n amplifica-
tion mutation in an affected family member. Therefore,
in the present study, additional methods for analyzing
the CGG repeat were evaluated.
The most likely explanation for our previous nega-

tive results for obligate carrier females was inability of
the assay to resolve very small amplifications (i.e., small
premutations). Thus, we paid particular attention to
the analysis of such alleles. With Southern blot method-
ology, it was found that each of the double-digest as-
says and the fxa241/PstI combination could detect al-
most all of the premutations. However, in some cases
these assays were unable to distinguish between a fe-
male who had alleles at the lower and upper extremes
of normal and a female who had a small premutation.
This is illustrated in lane 8 of figure 1, where a female
who had a difference of 93 bp between her two normal
alleles (CGG repeats of 20 and 51) could, by Southern
blot assays, be mistaken to have a premutation. This
example and others (Macpherson et al. 1992) therefore
highlight one of the needs for an accurate assessment of
CGG repeat number in the normal to premutation
range.

It is likely that some overlap exists between the sizes
of CGG that are meiotically stable (i.e., "normal") and
the sizes that are meiotically unstable (i.e., premuta-
tions). For example, meiotic stability has been demon-
strated for alleles with up to 51 repeats (fig. 4), whereas
alleles with repeats of 52 or more appear to be unstable
(Fu et al. 1991). Thus, the critical region of overlap
between normal alleles and premutations seems to be
approximately 50, but, so far, only a small number of
meioses have been studied in this vicinity, so the range
of overlap is uncertain. To determine the likely carrier
status of individuals who carry a borderline repeat (e.g.,
between 45 and 55), it is necessary to study multiple
family members to document the meiotic stability (e.g.,
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Table 3

Discrepancies between Results of DNA Testing and Phenotype or Linkage Studies

Category and Pedigree No. Pertinent Data

Affected male with normal CGG:
FX 113 ..............................

FX 112 ..............................

FX 132 ..............................
FX 161 ..............................

FX 200 ..............................

Affected female with normal CGG:
FX 138 ..............................

Carrier, by linkage with normal CGG:
FX 112 ..............................

FX 113 ..............................

FX 25 ................................

Described previously by Snow et al. (1992), 4%
fra(X), MR male

Described previously by Snow et al. (1992), 1/
270 fra(X), typical Martin Bell phenotype for
male

fra(X) negative, MR, macroorchidism, large ears
4/100, 0/100 fra(X), LD, large ears, hand

flapping, hand biting, hyperextensible joints
fra(X) negative, LD, strong family history of
XLMR, large ears, long face, hyperextensible
joints

5% fra(X), MR, hyperactive, hand flapping

Sister and nephew of affected male, CGG
normal in affected male

Brother of affected male, CGG normal in
affected male

Daughter of a female with a CGG amplification,
carrier risk 98% with RN1A and tA1

fig. 4). To accomplish this, the assay method needs to
be able to resolve a difference of even a single CGG
repeat.
Two PCR-based assays were evaluated for their abil-

ity to accurately determine allele sizes in the high nor-
mal to low premutation range. In one PCR assay, PCR
products were separated under nondenaturing condi-
tions and were detected by Southern blotting. While
this procedure gave strong signals for all premutations,
female carriers often demonstrated the presence of
three bands, which precluded accurate determination
of allele sizes. In a controlled experiment, a third band
was also observed when PCR products from a normal
male and from a male with a premutation were mixed,
heated to denature, and allowed to slowly cool (data
not shown). Therefore, it is likely that the extra band
represents an alternative DNA structure (e.g., hetero-
duplex). In contrast, separation of products on denatur-
ing sequencing gels prevented formation of secondary
DNA structures, and allele sizes could be determined
by comparison with an M13 sequencing ladder. The
ability of the PCR-denaturing-polyacrylamide-gel assay
to resolve alleles differing by a single repeat was sup-
ported by agreement, in the number of CGG repeats,
between observed and expected heterozygosity. In ad-
dition, several alleles in the normal to low premutation

range have been directly sequenced, and results confirm
the number of repeats estimated by the PCR-sequenc-
ing-gel assay (data not shown). Thus, the PCR-se-
quencing-gel assay was preferred for accurate sizing of
alleles in the normal to premutation range. However,
both of the PCR-based assays had limitations in the
detection of full mutations, probably because of both
inefficient PCR amplification of very large sequences of
DNA and, in the case of the PCR-sequencing-gel assay,
inefficient entry into the gel matrix. This was a particu-
lar problem for those individuals who had a mosaic
pattern by Southern blot analysis. For example, 6 of 23
mosaic males tested by the PCR-sequencing-gel assay
gave results indistinguishable from those obtained for
premutation males. Moreover, an additional two mo-
saic males demonstrated the presence of a normal allele
by the PCR-sequencing-gel assay and were indistin-
guishable from normal males.

Together, results obtained from both the Southern
blot assays and the PCR-based assays suggest that nei-
ther of these methodologies alone can detect the spec-
trum of CGG repeat sizes encountered in fragile X test-
ing. However, when both Southern blot analysis using
StB12.3 or Ox1.9 along with a double digest (e.g.,
HindIII+NruI) and the PCR-sequencing-gel method
are used together, the two assays complement each
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other to provide reliable results for routine analysis of
specimens referred for fragile X testing (for confirma-
tion of diagnosis or determination of carrier status).

Three additional points regarding the PCR-based as-
says are discussed below. First, a novel finding in using
Southern blotting to detect PCR products was that in-
clusion of ethidium bromide in the agarose gel led to
almost complete inhibition of migration of PCR-ampli-
fied DNA in the agarose gel matrix. This is possibly
related to an altered interaction between ethidium bro-
mide and DNA containing 7-deaza GTP. Evidence for
an altered interaction is the lack of ethidium bromide
staining of DNA containing the modified base (Latimer
and Lee 1991). Second, sequences of the PCR primers
used in the present study matched the published se-
quence data for FMR-1 as described by Verkerk et al.
(1991), but the upstream primer contained a 2-bp mis-
match vis-a-vis other published data (Fu et al. 1991).
Because of this discrepancy, another oligonucleotide
was synthesized to match the sequence described by Fu
et al. (1991). Both primers gave PCR products of the
same size, but greater yield was obtained using the up-
stream primer originally described by Pergolizzi et al.
(1992) (data not shown). This result could be explained

1 2 3 4 5 6 7
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Figure 2 Variable patterns of methylation of the CpG island
5' to FMR-1. All results were obtained using the StB12.3/
HindlII+Nrul Southern blot assay. Lane 1, Normal control male.
Lane 2, NTM. Lanes 3 to 7, Affected males. Mental status (N = no
mental impairment; and MR = mental retardation) and levels of fragil-
ity at Xq27.3 are indicated below each lane.
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Figure 3 Risk for expansion of premutations to full muta-
tions when transmission is by females. Blackened bars indicate the
number of offspring who were found to have inherited an unstable
allele from females who carry a premutation; and unblackened bars
indicate the fraction of those offspring who inherited the unstable
allele as a full mutation. Results are shown for size categories of the
(CGG)n determined by a PCR-sequencing-gel assay.

by the effect of a mismatch in reducing the Tm of the
upstream primer, which was calculated to be 76°C,
compared with 70°C for the downstream primer (esti-
mated Tm = 2°C X [A+T] + 4°C X [G+C]). Third, this
study identified a repeat of 30 as being the most fre-
quent allele in the general population. However, a pre-
vious study (Fu et al. 1991) identified 29 as being the
most common repeat. This discrepancy is most likely
due to differences in interpretation of sizes of PCR
products, rather than to a real difference between the
populations studied. It can be seen that the patterns of
"shadow bands" generated in the two studies differ
(compare fig. 4 in the present study with fig. 3 in Fu et
al. 1991). This variability, which may lead to interpreta-
tion differences, can probably be attributed to the use
of different PCR primers. The shadow bands are arti-
facts commonly seen in PCR amplification of microsa-
tellites and probably arise because of replication slip-
page (Hauge and Litt 1993). This assay-dependent
variability in repeat sizes needs to be recognized when
results for related individuals are obtained from differ-
ent laboratories. To eliminate size differences caused
by assay variability (either interlab or intralab), it is rec-
ommended that analyses of related individuals be per-
formed at the same time, with PCR products loaded
into adjacent lanes in the gel.
One of the most important applications of these mo-

lecular methods is in carrier testing of individuals who
have a family history of fragile X syndrome. Whereas
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- 266

31, 51 CGG repeat

2 3
20 51, 32

51 20 32 51

01210 0~/200
7 8 #9
51 209 23 51

Figure 4. Above, Family demonstrating stable transmission
of a CGG repeat of 51. Symbols shaded in the upper right-hand
corner indicate MR; and symbols shaded in the lower right-hand
corner indicate LD. Fractions listed for individuals 8 and 9 are the
results of cytogenetic testing for fra(x). Right, Results of PCR-se-
quencing-gel assay performed on individuals indicated on the pedi-
gree. Lane M is a sequencing ladder used as a size marker. A repeat of
51 has a size of 266 bp.

carrier females and NTMs are frequently negative for
fra(X), these individuals do demonstrate the presence

of a CGG amplification. Nonetheless, in performing
carrier testing, it is important to initially document the
presence of a CGG amplification in an affected family
member or obligate carrier, because of the possibility of
genetic heterogeneity. For example, in this study, a

CGG amplification could not be demonstrated in the
index case of 6 of 73 families referred for fragile X
testing (tables 2 and 3). These individuals may have an-

other type of FMR-1 mutation, such as a deletion (Ge-
deon et al. 1992; W6hrle et al. 1992) or a point muta-

tion (De Boulle et al. 1993). Alternatively, it is possible
that a mutation at another locus could be responsible
for the observed phenotype. The observation that some
amplification-negative cases expressed either low levels
of fragility or no fragility does not rule out a diagnosis
of fragile X syndrome. For example, it has been shown
that deletion at the FMR-1 locus may be associated
with absence of fragility in some cases of fragile X syn-

drome (Gedeon et al. 1992; Wbhrle et al. 1992). In
addition, this study identified six affected males and
seven affected females who were fra(X) negative but

who had a (CGG)n amplification. On the other hand,
several recent reports have described individuals who
express a high frequency of fragility at Xq27.3 but who
do not demonstrate an abnormal CGG repeat (Naka-
hori et al. 1991; Dennis et al. 1992; Oberle et al. 1992).
These cases may involve fragility at nearby fragile sites

-e.g., FRAXE or FRAXF-that can be distinguished
from FRAXA by molecular cytogenetics (Sutherland
and Baker 1992; Hirst et al. 1993).
The individual in pedigree Fx25 differs from the

other discrepant cases in table 3, in that (a) a CGG
amplification was identified in the family and (b) this
individual has been predicted to be a carrier by linkage
analysis. The pedigree was illustrated in our previous

report (Snow et al. 1992), and at that time it was sug-

gested that insensitivity of the Oxi.9/HindIII assay, a

double-recombination event, or mutation reversion

could account for the discrepancy. A preliminary analy-
sis of closely linked flanking (CA)n repeats suggests that
mutation reversion is the most probable explanation
(data not shown).
Of importance in genetic counseling of carriers of

fragile X syndrome is the question of whether testing

- 239

- 208

174

1225



Snow et al.

160

00
60

0 10 26 30 46 50 60
(CGG)n size

Figure 5 Frequency of FMR-1 (CGG)n sizes in the general
population. The graph summarizes results obtained for 50 males and
197 females. (CGG)n sizes were determined by a PCR-sequencing-gel
assay.

can help to provide an estimation of the risk that a
carrier will have an affected child. When this question is
rephrased in terms of the dynamics of the fragile X
mutation, two issues need to be addressed: first, for a
given size of premutation, what is the risk for expansion
to a full mutation in the next generation? and, second,
how does the CGG repeat size and/or the presence of
abnormal methylation correlate with phenotype? For
male carriers of a premutation (i.e., NTMs), expansion
to a full mutation in daughters has not been observed,
and thus the risk for this occurrence appears to be very
small. Even for male carriers of relatively large premuta-
tions-iLe., between 150 and 200 repeats-the muta-
tion remains as a premutation in daughters. However,
for female carriers, the risk for expansion to a full mu-
tation in offspring is dependent on the size of premuta-
tion being transmitted, as shown in figure 3. In predict-
ing risks for expansion to a full mutation, our results are
in good agreement with previous studies (Fu et al. 1991;
Heitz et al. 1992), in demonstrating 100% risk for more
than 90 repeats, less than 30% risk for fewer than 70
repeats, and an intermediate risk for 70 to 90 repeats.

For individuals who have a full mutation, the present
study suggests that there is a high risk of mental impair-
ment (100% for males and 89% for females). However,
the severity of mental impairment is sex dependent:
96% of males showed MR. compared with less severe
LD in 91% of the affected females. The finding of sub-

stantial methylation differences between males who
have MR suggests that there may be a threshold level of
CpG methylation above which mental impairment oc-
curs. This is supported by comparison of Southern blot
patterns between an affected male with MR (fig. 2, lane
5) and an NTM with no mental impairment (fig. 2, lane
2). This example shows little difference in CGG size of
unmethylated fragments, but perhaps a more significant
difference is that a subpopulation of apparently methyl-
ated DNA is present in the sample from the male with
MR but is not present in the sample from the transmit-
ting male. Possibly, both length of the (CGG)n and
methylation contribute toward the phenotype by af-
fecting expression of the FMR-1 gene product in a
complex manner. Quantitative analysis of FMR-1 tran-
scripts may help to define the relationships between
abnormal methylation, regulation of FMR-1 transcrip-
tion, and phenotypic expression. In the meantime, im-
precise or yet-to-be-defined correlation between param-
eters of the mutation (number of repeats and extent of
abnormal methylation) and the presence or severity of
an affected phenotype needs to be considered when
molecular testing is used, particularly in prenatal cases.
Of all the fragile X families now studied for the

(CGG)n amplification, no cases of a new mutation have
been reported. This suggests that the frequency of non-
penetrant carriers of fragile X syndrome might be
higher than originally postulated (Smits et al. 1992). In-
deed, in the present study, analysis of 247 individuals
from the general population estimates the premutation
allele frequency to be 0.8% (when repeats of 52 and 61
are considered as premutations). However, this esti-
mate uses the ranges for premutation and meiotically
stable normal (CGG)n observed for fragile X families.
Clearly, these ranges are subject to ascertainment bias,
and alleles in the general population may have a greater
degree of meiotic stability for the same number ofCGG
repeats. A possible model is that a (CGG)n region is
meiotically stable until it sustains one or more base
substitutions that trigger an instability mechanism per-
haps involving replication slippage. The recent evidence
for a founder effect in fragile X syndrome (Richards et
al. 1992; Oudet et al. 1993) may therefore involve an
allele that, to become the unstable sequence, needs to
undergo fewer base changes. Alternatively, founder al-
leles may be associated with sequences within or
adjacent to the (CGG)n that promote transposition or
sequence-specific recombination as proposed for mini-
satellites (Rogers 1985; Wahls et al. 1990). In any event,
the study of transmission of alleles not ascertained
through affected individuals may help to deter-
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mine the true frequency of premutation alleles in the
general population. Furthermore, models for inheri-
tance patterns at the FMR-1 locus (Morton and Mac-
pherson 1992) may possibly be refined by additional
characterization of differences between stable alleles
and unstable alleles.

In summary, the molecular changes associated with
fragile X syndrome-i.e., expansion of a CGG repeat
and methylation of a CpG island-can be reliably de-
tected when a combination of Southern blot and PCR-
based assays is used. An expansion of more than ap-
proximately 1 kb with an abnormal methylation
pattern (full mutation) generally correlates with MR in
males and with a lesser degree of mental impairment in
females. For nonpenetrant females with a smaller am-
plification and a normal methylation pattern (premuta-
tion), determination of the number ofCGG repeats can
be used to predict a risk that the premutation will ex-
pand to a full mutation in the next generation. For
individuals who carry a repeat size close to the lower
limit shown to be unstable, analysis of other family
members is recommended, to determine stability of the
allele through female meiosis. Further studies of unsta-
ble versus stable alleles in this borderline zone may de-
fine another measurable parameter that more reliably
predicts stability. Studies are also required for determi-
nation of the frequency of unstable alleles in the general
population. However, when a lower limit of instability
found in fragile X syndrome is applied to repeat sizes
observed in the general population, the premutation
allele frequency is estimated to be approximately 1%.
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