
Expansion of an FMR1 Grey-Zone Allele to a Full
Mutation in Two Generations

Isabel Fernandez-Carvajal,*
Blanca Lopez Posadas,* Ruiqin Pan,†

Christopher Raske,† Paul J. Hagerman,†‡

and Flora Tassone†‡

From the Laboratorio de Genética Humana,* Unidad de
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Fragile X Syndrome is caused by the expansion of an
unstable CGG-repeat tract in the 5�-UTR of the FMR1
gene, which generally results in transcriptional si-
lencing and consequent absence of the FMR1 protein.
To date, the smallest premutation allele reported to
expand to a full mutation allele in a single generation
is 59 CGG repeats. Here, we report a single-generation
expansion to a full mutation allele (male with �538
CCG repeats) from a mother who is a carrier of a
premutation allele of 56 CGG repeats. Furthermore,
the maternal grandfather was a carrier of a gray (or
intermediate)-zone allele (45 to 54 repeats) of 52 CGG
repeats. Thus, in this family, a gray-zone allele ex-
panded to the full mutation range in two generations.
Interestingly, the two AGG interruptions present in
the grandfather’s allele were absent in the mother’s
premutation allele. These observations underscore
the need to consider carriers of alleles of greater
than 55 CGG repeats as being at risk for transmis-
sion of a full mutation allele in a single generation,
and those with even smaller alleles in the gray zone
as being at risk of having grandchildren with full
mutation alleles. (J Mol Diagn 2009, 11:306–310; DOI:
10.2353/jmoldx.2009.080174)

Fragile X Syndrome (OMIM #300624) is the most com-
mon form of inherited mental impairment and the leading
known heritable form of autism.1 The disorder is caused
by a trinucleotide (CGG) repeat expansion to greater
than 200 repeats (full mutation) in the 5�-untranslated
region of the fragile X mental retardation 1 (FMR1) gene,
which generally results in transcriptional silencing and
absence of the FMR1 protein.2,3,4 The fragile X syndrome
phenotype includes a large spectrum of involvement in-

cluding mental retardation, developmental and speech
delay, physical abnormalities such as large or prominent
ears, long and narrow jaw, connective tissue problems,
and macro-orchidism.5 The behavioral phenotype of
fragile X syndrome is also characterized by autistic
symptoms in approximately 25% to 33%, including social
and communication deficits, stereotypic behavior, social
anxiety, withdrawal, hyperarousal, unusual responses to
sensory stimuli, gaze aversion, inattention, impulsivity,
and hyperactivity.1,6,7,8,9,10

Transmission of a full mutation occurs exclusively from
mothers who are carriers of either a full mutation or a
premutation (55 to 200 CGG repeats) FMR1 allele. For
mothers who are carriers of premutation alleles, the risk of
transmitting an allele in the full mutation range is a func-
tion of the repeat length. Nolin and colleagues11 re-
viewed the propensity for premutation-to-full mutation
expansion in more than 1500 transmissions from fe-
male carriers of premutation alleles. They showed that
the smallest premutation allele leading to a full muta-
tion offspring in a single generation was 59 CGG re-
peats, which was observed for two female carriers. For
slightly smaller alleles (45 to 54 CGG repeats; “gray
zone”), the extent of repeat instability is currently un-
known. However, due to the observed repeat instability
for alleles in this size range,12,13,14 gray-zone alleles
are potential precursors of a full mutation in subse-
quent generations.11

Here, we describe a family in which a 52 repeat (gray-
zone) allele has undergone a two generation expansion
comprising an initial (grandfather-to-mother) increase to
56 repeats (premutation) followed by an expansion
(mother-to-son) to a full mutation allele of �538 CGG
repeats. This 56 repeat allele is the smallest premutation
known to give rise to a full mutation allele in a single
generation, and underscores the potential for carriers of
alleles at the lower end of the premutation range to have
children with full mutation alleles. One potential source of
repeat instability is the absence of AGG interruptions
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within the CGG repeat element.15,16,17 In this regard, it is
noteworthy that the four (CGG) repeat expansion in the
first generation is accompanied by the loss of two AGG
interruptions in the mother’s premutation allele.

Study Cases

Written informed consent was obtained from all subjects
in accordance with approved institutional human sub-
jects protocols (Ethical Committee, University for Re-
search Project). The proband (42-6; Figure 1) was a
17-year-old male with severe language impairment, cog-
nitive deficits, social deficits and autistic behavior, hyper-
activity and attention deficits, and psychomotor delay.
The proband underwent a thorough medical history and
physical examination and presented with a number of
typical features of fragile X syndrome, including large
head, long face, prominent forehead, flat feet, and hyper-
extensible joints. His mother (42-3), did not have primary
ovarian insufficiency, emotional or behavioral or neuro-
logical problems. The proband’s sister, (42.7), a premu-
tation carrier, did not present with any significant intellec-
tual impairment, learning disabilities, or emotional/
behavioral problems. The proband’s grandfather (42.2),
presented with symptoms consistent with fragile X-asso-
ciated tremor/ataxia syndrome, which included progres-
sive action tremor and ataxia.

Materials and Methods

DNA Analysis

A blood sample was obtained from each subject for the
determination of CGG repeat number. Genomic DNA was
isolated from peripheral blood leukocytes using the Ul-
traclean DNA Blood Isolation Kit (Mo Bio Laboratories,
Carlsbad, CA). PCR and Southern blot analysis were
performed on the proband and on all family members as
described in Tassone et al,18 using either primers C and
F19 or 1 and 320 and the FastStart TaqDNA Polymerase
(Roche Diagnostics, Indianapolis, IN).

PCR analysis was also performed using modified prim-
ers c and f19 and the GC-Rich PCR System (Roche
Diagnostics). PCR reactions, in a final volume of 30 �l,
contained 0.67 mmol/L of each of the following primers: C
primer, 5�-GCTCAGCTCCGTTTCGGTTTCACTTCCGG-
3�; F2 primer, FAM-labeled, 5�-TTGTAGAAAGCGCCAT-
TGGAGCCCCGCACT-3�; and 125 mmol/L each of the
dNTPs. The CGG repeat region was amplified in a My
Cycler system (Biorad, Hercules, CA) after DNA denatur-
ation at 96°C for 6 minutes, followed by 30 cycles of 95°C
for 1 minute, 65°C for 40 seconds, 72°C for 1 minute and
30 seconds, and finally the amplified products were ex-
tended at 72°C for 5 minutes.

PCR fragments were resolved on an ABI 3130 DNA
sequencer (Applied Biosystems, Foster City, CA), in a
36 cm-capillary array, POP-7 polymer (Applied Biosys-
tems) and 1� electrophoresis running buffer with
EDTA (Applied Biosystems). A quantity of 0.5 �l of PCR
product was dispensed with 0.25 �l of the size stan-
dard GeneScan�500 [ROX] (Applied Biosystems) and
10 �l of ultrapure Hi-Di Formamide (Applied Biosys-
tems), to maintain denaturing conditions. The run tem-
perature (60°C), run voltage (15 kV), sample injection
voltage (1.2 kV), sample injection time (8 seconds),
and run time (1200 seconds), were selected in the Data
Collection Software, Ver. 3.0 (Applied Biosystems).

Fragment size analysis was performed with the Gen-
eMapper Software V 3.7 (Applied Biosystems). A mul-
tiplex PCR that amplifies sex chromosome fragments
and long CGG repeat tracts was also performed with
the Abbott Molecular Fragile X PCR test (Abbott Lab-
oratories, Wiesbaden, Germany) according to the man-
ufacturer’s instructions. PCR products were analyzed
by agarose gel (2%) electrophoresis, and by both short
and long run capillary electrophoresis. Capillary elec-
trophoreses used an ABI 3130 DNA sequencer (Ap-
plied Biosystems) with a 36 cm-capillary array, POP-7
polymer (Applied Biosystems), and 1� electrophoresis
running buffer with EDTA (Applied Biosystems), follow-
ing the manufacturer’s recommended electrophoresis
protocol. Seven microliters of ultrapure Hi-Di Formamide
(Applied Biosystems) was added to all samples. Anal-
ysis of PCR products was performed using GeneMap-
per Software Ver. 3.7 (Applied Biosystems); repeat
number was determined following the specifications
provided by the manufacturer. Finally, PCR analysis
and sizing was also performed according to Tassone
et al18 using the HDA-GT12 System, (Qiaxcel, Qiagen,
Valencia, CA).

For Southern blot analysis, 5 to 10 �g of isolated
genomic DNA was digested with EcoRI and NruI.
Probe hybridization used the FMR1-specific dig-la-
beled StB12.3. Details are as previously described.18

Analysis and measurement of trinucleotide allele size,
as well as the determination of the activation ratio
(fraction of normal FMR1 allele as the active allele),
were determined using an � Innotech FluorChem
8800 Image Detection System (� Innotech, San Lean-
dro, CA).18

Figure 1. Pedigree showing the proband (42-6) family members. CGG repeat
numbers were as follows: (42-2), 52 CGG repeats (gray zone) (42-3); 34, 56
CGG repeats (premutation); (42-4) 23 CGG repeats (normal); (42-6) �538
CGG repeats (full mutation); (42-7) 23, 91 CGG repeats (premutation).
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Sequencing Analysis

The 56 CGG repeat FMR1 allele was PCR amplified using
genomic DNA as a template, and primers C and F, as
previously described.18 The PCR product was purified

with the Qiaquick PCR Purification Kit and directly se-
quenced using the nested primers 1 and 3.20 PCR prod-
ucts were also cloned into BlpI and XhoI sites of a CMV-
driven FMR1 5� UTR-reporter construct (unpublished
results). The construct was propagated in Top10 cells
(Invitrogen, Carlsbad, CA), and purified using the Qiagen
Plasmid miniprep kit. Clones were digested with BlpI and
XhoI, and CGG-containing inserts were separated from
vector by agarose electrophoresis. Four positive clones
were sequenced for both the sense and antisense
strands of the FMR1 5� UTR using a CMV-forward primer
(5�-CGCAAATGGGCGGTAGGCGTG-3�), and a FMR1 5�
UTR reverse primer (5�-GGAGTGGACACCTGTGGAGA-
3�); the clones, 56a, 56 d, 56c and 56b, contained 53, 56,
57, and 58 CGG repeats, respectively. This slight varia-
tion in CGG repeat size appears to have occurred during
the cloning process itself. Sequencing was performed
using the ABI 3730 Capillary Electrophoresis Genetic
Analyzer and the ABI Big Dye Terminator v3.1 Cycle
Sequencing chemistry (UC David Sequencing Facility).

Results

CGG repeat analysis of the family members (Figure 1)
revealed a full mutation allele of �538 CGG repeats (as
determined by Southern blot analysis) in the proband
(sample 42.6), two alleles of 34 and 56 repeats in the
mother (sample 42.3), an allele of 23 CGG repeats in the
father of the proband (sample 42.4), and two alleles, of 23
and 91 CGG repeats, in the sister of the proband (sample
42.7). Southern blot and PCR results are shown in Figure
2A–C. In addition, using sequencing analysis, the num-
ber of CGG repeats in the maternal grandfather (42.2)
revealed a gray-zone allele of 52 CGG repeats with two
AGG interruptions in a 10-9-31 pattern (Figure 3). Finally,
sequencing analysis confirmed the size of the 56-CGG
allele determined by CGG sizing, but also revealed that
the premutation allele did not contain any AGG interrup-
tions (Figure 3). The loss of the two AGG interruptions
was observed when the 56-CGG allele (42.3) was directly
sequenced from a PCR-amplified product from genomic
DNA and also by sequencing of the cloned PCR frag-
ments. Thus, the 52-CGG allele expanded to a full muta-
tion allele of �538 repeats in two generations, incurring
the loss of the two AGG repeats in the gray zone to
premutation expansion, and the expansion from a 56

Figure 2. A: Southern blot analysis of genomic DNA isolated from the pro-
band’s parents; his mother (42-3) with a premutation allele, his father (42-4) with
a normal allele (lanes 1 and 2, respectively). Proband, with a full mutation is
shown in lane 3. His sister a premutation carrier (42-7) (lane 4). A normal female
control is shown in lane 5. The normal, unmethylated band (2.8 Kb) and the
normal methylated band (5.2 Kb) are indicated. A DNA 1kb ladder is shown in
lane 6. B: PCR size analysis using the Qiaxcel capillary system (see: Materials
and Methods) of PCR products derived from subject 42-2 (52 CGG repeats)
and from subject 42-3 (34, 56 CGG repeats). PCR products derived from
clones 56a (53 CGG), 56b (58 CGG), 56c (57 CGG), and 56 d (56 CGG) are
also shown. PCR reactions used primers 1 and 3.20 C: PCR size analysis for
family members 42-2, 42-3, 42-6, and 42-7 using the ABI 3130 DNA Sequenc-
ing technology and the Abbott Molecular Fragile X PCR Test (see: Materials
and Methods). In each frame, reference peaks (marker X-Rhodamine [ROX]
labeled DNA ladder, size range: 50 to 1000 bp) are indicated in outline (also
light gray in 42-3 and 42-7). For 42-2 and 42-3, standards were 300, 350, and
400 bp (36 to 69 CGG repeats); for 42-7, standards were 250, 300, 350, 400,
450, and 475 bp (19 to 94 CGG repeats); for 42-6, upper standard was 1000
bp (269 CGG repeats). For 42-6, the full mutation allele was sized by
Southern blot.

Figure 3. Sequencing analysis of 42-2 and 42-3. The upper electropherogram
shows the sequencing analysis of subject 42-2 with an FMR1 allele compris-
ing 52 CGG repeats and 2 AGG interruptions. The bottom electrophoregram
shows the sequence of the cloned allele from subject 42-3 and the absence
of AGG interruptions.
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CGG repeat premutation allele to a full mutation allele in
a single generation.

Discussion

A dynamic CGG repeat element is located within the 5�
untranslated region of the FMR1 gene. The following four
allele categories have been established on the basis of
repeat size by the American College of Medical Genet-
ics21: normal (6 to 44 CGG), gray zone (45 to 54 CGG),
premutation (55 to 200 CGG), and full mutation (�200
CGG). However, the boundaries among these categories
are somewhat arbitrary, with functional significance de-
pending on the outcome being considered (eg, transmis-
sion instability, gene expression levels). Indeed, while the
boundary between premutation and full mutation alleles
is clear, the distinctions between premutation and inter-
mediate alleles or between intermediate and normal al-
leles are not well defined. Our general lack of under-
standing of the basic mechanisms that influence repeat
instability and propensity for expansion makes it difficult
to estimate the risk of expansion, particularly for gray-
zone alleles.

One source of variability that may play a role in the
expansion process is the presence of AGG interruptions
within the CGG element. FMR1 alleles within the normal
range are generally interrupted by one or more AGG
trinucleotides, typically spaced at 9 to 11 repeat intervals
(ie, 9�10 to 10�10). Premutation alleles become increas-
ingly unstable in transmission by a female carrier with
increasing size of the CGG repeat and the loss/absence
of AGG interruptions.14,16 This association of AGG inter-
ruptions with the smaller, more stable alleles has led to
the concept of an AGG “anchor”11,17,22; that is, that the
AGG itself exerts a stabilizing influence on allele size in
transmission. Thus, together with the size of the alleles
(CGG repeat number) and the sex of the carrier, the
presence of AGG interruptions appears to be an impor-
tant factor influencing the stability of alleles during meio-
sis. Dombrowski et al23 have suggested that the loss of
AGG interruptions is not the initial event leading to insta-
bility, but more likely a late event before the expansion
occurs.23

The current study describes a carrier female carrier
with an allele of 56 CGG repeats, lacking any AGG inter-
ruptions, which has given rise to a full mutation allele on
transmission in a single generation. Before this report, the
smallest allele reported to yield a full mutation in a single
transmission possessed 59 CGG repeats, with the fre-
quency of such transitions being very low (1.1%).11 As
consequence, many reports have since used this value
as cut off from the intermediate to the premutation range.
In two additional cases, gray-zone alleles (44, 45 CGG
repeats) were reported to give rise to full mutation alleles
in two generations24,25; however, the premutation alleles
in the intermediate generation (61, 80 CGG repeats) were
both larger than the reported lower value of 59 repeats.
Thus, it is evident that the lower bound for intermediate-
to-premutation transition must be revised downward to at
least 56 CGG repeats. Consistent with earlier observa-

tions, no AGG interruptions were found within the CGG
stretch, supporting the importance in modulating the ex-
pansion process. Therefore, from the genetic counseling
perspective, it is important to consider that there is a risk,
albeit small, of expansion for alleles at the lower end of
the premutation range, thus raising the issue of prenatal
diagnosis for carriers with alleles above 55 repeats.

Finally, the grandfather of the proband, carrying a
gray-zone allele of 52 CGG repeats, presented with the
two principle core features of fragile X-associated tremor/
ataxia syndrome, action tremor and ataxia. To our knowl-
edge, this is first reported case of (probable) fragile
X-associated tremor/ataxia syndrome arising from a gray-
zone allele. In this regard, however, there is now prelim-
inary evidence of an association between gray-zone al-
leles and parkinsonism,26 suggesting that subtle forms of
central nervous system dysregulation may be occurring
even for alleles in the gray zone range.
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