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Background: Grey zone or intermediate alleles are one of the three recognised classes of the X-linked fragile
X mental retardation 1 (FMR1) gene showing intergenerational instability. These classes are defined
according to the number of CGG repeats in the FMR1 5'-untranslated region. Although large CGG
expansions (>200 repeats) cause a neurodevelopmental anomaly through silencing of the gene, resulting in
a deficit of FMR1 specific protein, smaller expansions (approximately 55-200 repeats) are associated with an
increased transcription and late-onset specific phenotypes. Those dlleles with a CGG repeat number ranging
between approximately 41 and 55 are relatively poorly defined with regard to both transcriptional and
translational activity, and also potential phenotypic effects.

Methods and results: Based on a sample of 33 males carrying FMR1 alleles within the grey zone range,
defined here as 41-60 CGGs, we show an increased transcriptional activity relative to that seen in common
alleles (5-40 CGGS). This is the first study to report a significant relationship between FMR1 mRNA levels and
CGG repeat number within the grey zone range (p<<0.001). From a piecewise linear regression model, the
threshold for onset of the increase in mRNA levels as a function of CGG repeat size has been determined at
approximately 39 repeats (standard error (SE) 3.24), and that for the reduction in the rate of this increase at
approximately 54 repeats (SE 4.27).

Conclusions: The ambiguities associated with the definition and transcription dynamics of the FMR1 gene
within the grey zone range are dealt with. There may be specific phenotypes associated with the toxic ““gain-
of-function” effect of raised mRNA.

trinucleotide repeat in the fragile X mental retardation 1

(FMR1) gene. The full mutation, (>200 repeats), is
associated with a severe developmental defect defined as fragile
X syndrome. This defect is caused by transcriptional silencing of
the FMRI1 gene, leading to a gross deficit of a specific protein,
fragile X mental retardation protein (FMRP), and subsequent
synaptic abnormality.' > The premutations, ranging from
approximately 55 to 200 repeats® and unstable when trans-
mitted from mothers to offspring* may cause slight depletion in
FMRP levels, which is proportional to the size of CGG repeat,””’
and elevation of mRNA levels.® Apart from some behavioural
and learning problems associated with lowered FMRP levels,’
phenotypic involvement in premutation carriers comprise
premature ovarian failure (POF) in females,'” or late-onset
neurodegeneration manifested as tremor/ataxia, predominantly
in males.""

The third class of intermediate or grey zone alleles is poorly
defined, with the range of 45-54 CGG repeats recommended in
the guidelines from the American College of Medical Genetics,
which is based on the claim that alleles below this size showed
““no meiotic or mitotic instability”’.> However, both boundaries
for the grey zone range have varied among studies, extending
from 34 or 35 CGG repeats for the lower boundary " '* to 58/60
repeats for the upper boundary "'* Data on the molecular
phenotypes of these grey zone alleles are scarce. The earliest
report of increased transcription was based on two grey zone
carriers.® A later study, based on human cell lines transfected
with the FMRI1 5'-untranslated region containing CGG repeat
lengths ranging in size from 0 to 99 repeats and a downstream
reporter (luciferase) gene, showed an increase in transcription

There are three recognised allelic classes of expanded CGG
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levels for constructs possessing either premutation or grey zone
alleles." In contrast, the most recent study including both male
and female grey zone carriers having 41-60 CGG repeats found
neither a significant increase in transcript levels nor the
relationship of these levels with the number of CGG repeats."”
The aim of this study was to determine the levels of the
FMRI1 gene transcript, and the relationship of these levels with
the CGG repeat size, in grey zone carriers identified in our 2004
fragile X survey of schoolchildren in Tasmania, Australia.'® In
the present study, grey zone alleles are defined as those ranging
in size from 41 to 60 CGG repeats, which allows direct
comparison with the findings of a similar study.'”” We also
performed the same analysis on alleles ranging in size from 41
to 54 repeats. We report a significant elevation of mRNA within
the grey zone allele range, compared with these levels in
common-size alleles, and a significant association between the
levels of FMR1 mRNA and CGG repeat size in grey zone alleles.
Moreover, based on a regression spanning CGG repeat sizes
ranging from common to premutation, we suggest a more
accurate definition of the onset, as well as the dynamics, of this
relationship across the smaller expansion allele categories.

MATERIALS AND METHODS

Sample

The study was approved by the human ethics committees of all
the relevant institutions. The carriers of grey zone and premuta-
tion aged 5-22 years were Caucasian males of European descent
Abbreviations: FMR1, fragile X mental refardation 1; FMRP, fragile X
mental retardation protein; PCR, polymerase chain reaction; POF,
premature ovarian failure; SEN, special educational needs
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Table 1  Selected results of fitting piecewise linear regression model to the data from all three
allelic categories: normal, grey zone and premutation, with B1 =0 and thresholds at 6; and 6,
Parameters
Category Model for mean of inferest Estimate SE 95% CI*
Normal o o 0.194 0.047 (0.106 to 0.289)
Grey zone o= P201+B2x 7 0.037 0.013  (0.011 to0 0.063)
Premutation o= B20; — B3O+ B2+Ba)x; B2 + B3 0.008 0.002 (0.0040 to 0.012)

*Wald-based confidence intervals.

living in Australia. All 33 grey zone carriers (41-60 CGGs) were
identified in our screening study of 1253 males attending both
government and non-government schools  throughout
Tasmania.'* Twenty subjects were identified from among the
special educational needs (SEN) students attending normal
schools, 10 were identified from among the non-SEN students,
and three were brothers of SEN students previously identified as
grey zone carriers. Moreover, 12 carriers of the premutation were
identified through cascade testing of the Tasmanian and
Victorian fragile X families initially ascertained through clinical
admissions of fragile X survey full mutation probands. Five
normal controls (with CGGs ranging from 21 to 39) were
recruited from among the brothers of grey zone male carriers
identified in the Tasmanian survey, and 15 (with the same CGG
range) came from a sample anonymously tested at the Tassone
Laboratory, University of California at Davis, California, USA. The
size of the CGG repeat and the level of FMR1 transcript (mRNA)
were assessed for all individuals included in the study in Tassone
Laboratory, San Leandro, California, USA.

Molecular assays

DNA analysis

Genomic DNA was isolated from peripheral blood leucocytes
(5 ml of whole blood) using standard methods (Puregene Kit;
Gentra, Minneapolis, Minnesota, USA). For Southern analysis,
5-10 ug of isolated DNA was digested by EcoRI and Nrul
endonucleases, digested samples were separated on a 0.8%
agarose/TRIS acetate gel. The FMR1 genomic probe StB12.3,
labelled with Dig-11-dUTP by polymerase chain reaction (PCR;
PCR dig synthesis Kit, Roche Diagnostics, Indianapolis,
Indiana, USA), was used as described earlier.”

Genomic DNA was also amplified by PCR, using primers ¢
and f, as described in Saluto et al*! PCR products were
separated on 6% denaturing polyacrylamide gels. A dig-end
labelled oligonucleotide, (CGG);o, was used as a probe. Analysis
and calculation of repeat size for Southern and PCR analysis
were carried out using an Alpha Innotech FluorChem 8800
Image Detection System (San Leandro, California, USA).

FMR1 mRNA levels

Total RNA was isolated from 3 ml of peripheral blood leucocytes
using Tempus Blood RNA tubes (Applied Biosystems, Foster City,
California, USA). Reverse transcriptase reactions and quantitative
(fluorescence) RT-PCR measurements were carried out as
described earlier.® All quantifications of FMRI mRNA were
performed using a 7900 Sequence detector (Applied Biosystems)
using primers and probes as described by Tassone ef al.* mRNA
levels were scored relative to the reference glucuronidase gene,
and were standardised in relation to the normal population mean
of 1.26 (standard error (SE) 0.04).

All quantifications of FMR1 mRNA were repeated for three
different RNA concentrations (500, 250, and 125 ug) and
incorporated standards for each determination to compensate
for any changes in reaction efficiency. For each sample (whole-
cell RNA derived from leucocytes) and each amplicon,
quantitative PCR reactions were performed in duplicate for

each starting total RNA concentration, for a total of 12
reactions. An additional 12 reactions were run using a standard
lymphoblastoid line as a secondary control for a total of 24
reactions per sample analysed as described by Tassone ef al.* SEs
for the outcome of repeated (raw) measures in each individual
ranged from 0.01 to 0.21, with most values <0.10.

Statistical analysis

The SEs of the mRNA were not significantly related to the
number of CGG repeats over the region up to 80 repeats that
contains the grey zone and the lower end of premutation, but
was significant for the full range. To stabilise the variance, the
mRNA levels were transformed by taking the natural logarithm
as described in Allen ef al.'” Comparison of mRNA levels
between the grey zone and normal samples was carried out
using the non-parametric Mann-Whitney U test and t test, for
raw and transformed data, respectively.

This relationship between CGG repeat number and mRNA
levels was initially explored by a non-parametric local regres-
sion.” This procedure required no parametric assumptions
about the relationship between the number of CGG repeats and
the mRNA levels. Instead, it estimates the relationship for each
CGG value by computing a weighted moving average of the
mRNA levels over neighbouring CGG values. The weights and
the proportion of data included as neighbours were determined
by cross validation. The moving average over the nearest 70% of
the data to each point gave the best fit to the data. The initial
analysis detected three positive linear curves, with two distinct
breakpoints separating them, one at approximately 35 repeats
and the other at approximately 55 repeats.

To locate these breakpoints more precisely, a piecewise linear
model” was applied to the data. This model fitted a constant
mean to normal individuals below the first threshold 0,
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Figure 1 Box plots showing distributions of the log-transformed values of
mRNA levels in three fragile X mental retardation 1 allele categories:
normal (17-39 CGG repeats), grey zone (41-60 CGG repeats) and
premutation (61-140 CGG repeats).
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Figure 2 Non-parametric local fit (Locfit) and least squares fit to the log-
transformed mRNA levels versus CGG repeat numbers for grey zone data.
For the least squares, the fitted model is Y; = —1.065 + 0.0329X; and R? =
0.4173. p value for the slope <0.001.

allowed a slope for grey zone individuals between 8, and the
second threshold 6, and another slope for premutation
individuals above 6,, (table 1). The significance of the break-
points was assessed, as suggested in Muggeo,” by testing for
differences in the slopes using the Wald statistic. We also
applied ordinary linear regression models to analyse both data
in the grey zone range only, and the whole data, in order to
compare the fit of these models with piecewise linear models.
The adequacy of regression models was assessed by examining
a plot of residuals versus fitted values, and a Q—Q normality plot
of residuals. All analyses were carried out using the publicly
available R statistical computing package, V.1.9.1,* where
package “locfit” was used for the local regression, package
“segmented” for the piecewise linear regression and package
“‘base”” for other analyses.

RESULTS
The results in tables 1-3 and in figs 1 and 2 are presented for
grey zone alleles, defined as having 41-60 CGG repeats.

mRNA levels

The first question dealt with was whether or not FMR1 mRNA
levels are increased in grey zone carriers compared with carriers
of normal alleles. Summary statistics for the raw and log-
transformed mRNA levels (table 2) show increased levels in the
grey zone compared with the normal sample, the difference
being highly significant (p<<0.001 for both transformed and
non-transformed values, two-tailed test). Significant increase
(p<<0.001) in the levels of mRNA was also found in 28 carriers
of grey zone alleles within the 41-54-repeat range compared
with normal alleles (data not shown). Additionally, box plots in
fig 1 show that the mRNA levels in the grey zone sample lie
clearly between those in the normal and premutation samples.
Similar results were obtained for grey zone alleles within the
41-54-repeat range (data not shown).

Loesch, Bui, Huggins, et al

Relationship between length of CGG repeat and mRNA
levels

Table 2 shows the results of fitting simple linear regression to
data on mRNA levels by CGG repeat size in the grey zone range,
with the p value for the slope () = 0.001. The regression slope
(B) was similar for the range 41-54, with the p value <0.006
(data not shown). In fig 2, both the local regression (broken
line) and ordinary least square linear regression (solid line)
fitted values for both these measures are plotted. The local
regression fit confirms the linear model, although there is some
deviation from linearity in the local regression that can be
attributed to the low number of observations in the range of
45-50 CGG repeats.

Fitted local regression (broken line) of the log-transformed
mRNA levels on the number of CGGs for the total sample,
spanning repeat sizes from normal to premutation (fig 3), shows
that mRNA levels are unrelated to CGG repeat size within the
normal range, but that there is a steep increase within the grey
zone range slowing down within the premutation range.

Initial analysis of the piecewise linear regression model with
two breakpoints confirmed that the regression for the normal
sample was not significant (f; = 0.005; p value = 0.571). The
model was therefore re-fitted using a constant for this line
segment. This model gave a better fit to the whole data than
either the linear or quadratic ordinary regression models. The
fitted piecewise regression of mRNA levels on CGG repeats is
plotted in fig 3 (solid line), with vertical lines showing the
estimated breakpoints. The first threshold is at approximately
39 CGG repeats (6, =39.16; SE =3.236; and 95% confidence
interval (CI) 32.82 to 45.50), and the second is at approximately
54 repeats (0, = 54.31; SE =4.274; and 95% CI 45.93 to 62.69).
Table 3 shows the parameter estimates for all three segments of
the regression line defined by these breakpoints. p Values for
the difference-in-slope parameters were both <0.05
(B2 =0.037, p=0.005 and B35 = —0.029, p=10.003), implying
that both breakpoints were significant.

DISCUSSION

This study is the first to report significantly raised levels of mRNA
in a sample of males carrying intermediate size, or grey zone,
FMRI alleles, compared with the carriers of normal alleles. This
finding deals with the controversy concerning the functioning of
the slightly expanded FMRI1 alleles by showing that transcription
is indeed disturbed in a significant proportion of these alleles.
Earlier studies have shown that the raised mRNA levels reflect
increased transcriptional activity rather than an increased mRNA
stability.® ' Using the transcription inhibitor actinomycin D, it
was shown that the elevation of the mRNA transcript cannot be
explained by its increased stability.* Moreover, direct evidence for
an increased transcription rate has recently been obtained using a
nuclear run-on experiment.”

We also show that there is a relationship of these levels with
the size of CGG repeat in the grey zone class, and that the sharp
increase in mRNA levels corresponding to the number of CGG
repeats seen in the grey zone range is significantly reduced in

log-transformed data

Table 2 Summary statistics for mRNA levels in normal and grey zone samples for raw data,

Category CGG range Mean SD Min Max

Normal 17-39 repeats Raw 1.233 0.221 0.850 1.590
(n 20) Transformed 0.194 0.184 —0.163 0.464
GZ 41-60 repeats Raw 1.765 0.418 0.960 2.620
(n 33) Transformed 0.539 0.249 —0.041 0.963

GZ, grey zone.

and t test (for transformed data).

p value <0.001 for comparison between grey zone and normals using two-sample Mann-Whitney U test (for raw data)
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Figure 3 Non-parametric local fit (Locfit) and piecewise regression fit to
the log-transformed mRNA levels versus CGG repeat numbers for data
from dll three allelic categories: normal, grey zone and premutation.

the premutation range. Our data show a statistically significant
trend for mRNA level to be a linear function of the repeat size in
the grey zone sample, but there is also a considerable variation
in this sample, and an overlap with the normal range. The onset
of the transcription increase indicated by our data is at
approximately 39 repeats; however, more observations, espe-
cially at the upper end of the “normal” alleles, are required to
estimate this threshold more precisely, and we do not
recommend, at this stage, its use as the sole criterion of
classification of small expansion alleles.

Our results confirm the findings from two earlier studies,
but are discrepant with those from the study of Allen ef al,'” in
which no significant relationship was detected between mRNA
and CGG repeat number in grey zone alleles of identical range.
The possible reasons for this discrepancy include a smaller grey
zone sample of 21 males of unspecified composition (compared
with 33 individuals of European descent in this study) and/or
different procedures used to assess mRNA levels. The proce-
dures involved in running each individual test in the present
study ensured high reliability and minimised the inherent
variation. It is less likely, however, that the discrepancy reflects
difference in an ascertainment between the two studies.
Although more than half of the individuals in our grey zone
sample were identified in a sample pre-selected for SEN, mRNA
level, and not the behavioural phenotype, was the primary trait
in this study. Furthermore, we found no correlation between
any cognitive/behavioural scores and either mRNA or CGG
repeat size in this sample (own unpublished data).

Based on the discovery of late-onset tremor/ataxia in some
males carrying a premutation gene and showing elevation of
mRNA, a toxic ““gain-of-function” effect of excessive FMRI
mRNA on the brain was considered."” ** %7, It seems that the
POF occurring in a significant proportion of female premuta-
tion carriers may also be attributed to a similar effect on
ovarian cells. If indeed raised levels of FMR1 mRNA cause
late-onset abnormal conditions in premutation carriers, we can
speculate that the raised levels observed in carriers of grey zone
alleles, even if more modest, could have a similar effect. Such
an assumption is supported by a significant association recently
reported, in population-based studies, between POF and grey
zone alleles.” * Taken together with the present results, it
seems that screening studies of both POF and late-onset
neurodegenerative conditions with tremor/ataxia should con-
sider the intermediate, as well as premutation, FMR1 allele
sizes. The effect of grey zone on neurodevelopment is, however,
still controversial, with some studies showing a noticeable
increase of grey zone carriers among SEN children,'® ** but
others failing to do so."” '¢***°

Our results also deal with the ambiguity currently associated
with the definition of grey zone alleles. The threshold for the
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Table 3 Results of fitting simple linear regression model to
data on mRNA levels by CGG repeat sizes ranging from 41
to 60

Parameter Estimate SE p Value
o —1.065 0.342 0.004

B 0.033 0.007 <0.001
n=33, R?=0.417.

onset of a progressive increase in FMRI transcription was
determined to be approximately 39 CGGs. Although more data
are required to narrow the error margins, it seems that the
lower bound for the grey zone currently recommended at 45’
may have to be revisited. As for the upper bound, our data
suggest a continuous scale of involvement, rather than the
clear-cut separation of grey zone from premutation that has
been recommended.’

The present data also showed that the rate of increase in
mRNA levels relative to the number of CGGs tends to slow in
the premutation range, an observation that appears at variance
with the hypothesis that slight FMRP deficit in premutation’® ®
leads to the transcriptional enhancement.”® However, the
results from a more recent study indicate that this enhance-
ment may result from a direct (cis) effect of the CGG element."”

In conclusion, our results, in combination with some
phenotypic effects of grey zone alleles reported earlier, on the
one hand, and the transmission instability of these alleles,’ on
the other, suggest that premutation—grey zone differences are
quantitative rather than qualitative.

It is recommended, however, that our findings be verified on
a larger, population-based, sample of grey zone carriers, and
that future studies cover the whole range of both grey zone and
premutation alleles, to allow clarification of the demarcation
lines within a broad category of small expansions.
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