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Fragile X syndrome, which is caused by expanded
CGG repeats of the FMRI gene, is associated with a
broad spectrum of clinical involvement and is the
most common inherited form of intellectual disabil-
ity. Early diagnosis and intervention are likely to lead
to improved outcome for children with fragile X syn-
drome, but such strategies require better estimates of
the frequencies of expanded alleles of the FMR1 gene.
In this study, we report the results of a newborn
screening study of 5267 male blood spots collected
from the Northwest region of Spain as part of the
national newborn screening program. The blood
spots were screened using a rapid polymerase chain
reaction-based method that is capable of identifying
the presence of all expanded alleles for both males
and females. The screened samples included 199 gray
zone alleles, 21 premutation alleles, and two full mu-
tation alleles (1 in 2633). The frequency of premuta-
tion alleles was three times higher (1 in 251) than the
quoted value of 1 in 813 from a Canadian population
and is fully consistent with the results of large-scale
Israeli screening studies. Our results demonstrate that
newborn screening for the presence of expanded FMRI1
alleles is an effective means for defining the distribution
of expanded FMRI1 alleles in newborn populations;
as such, this method is suitable for large-scale new-
born screening. (J Mol Diagn 2009, 11:324-329; DOI:
10.2353/jmoldx.2009.080173)

Although fragile X syndrome (FXS) is the most common
inherited form of intellectual disability, prior estimates of
the frequencies of expanded CGG-repeat alleles have
varied widely, ranging from ~1/2000 to 1/8000, depend-
ing on the nature of ascertainment." Estimates of fragile X
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syndrome disease prevalence, or FMR7 full mutation
(>200 CGG repeats) allele frequency, derived from
screening of special education needs populations will
likely miss individuals with mild learning disabilities, par-
ticularly in females with favorable X-activation ratios.?
Indeed, a higher full mutation allele frequency (1 in
~2500 females) was reported by Pesso et al,® who
screened a large number of Israeli women in the general
population.

For premutation alleles (range, 55-200 CGG repeats),
allele frequencies are more often estimated through gen-
eral population screening, where the most solid estimates
are for females.” However, there remains some uncer-
tainty regarding the premutation allele frequencies’>~"
due in part to lingering issues of ascertainment bias,® but
also to real frequency differences across ethnic and re-
gional populations. For example, in the screens of males
and females in Eastern Canada, allele frequencies were
estimated to be ~1/800 males and ~1/260 females.*®
However, in the Israeli studies,®” the frequency of pre-
mutation alleles in women is closer to ~1/130.7° By con-
trast, in an Asian (Taiwanese) population, the frequency
of premutation alleles in males was reported to be much
lower (~1/1670).'°

Within the past decade, there has been increasing
recognition of the breadth of phenotypes associated with
expanded FMR1 alleles, especially in the premutation
range."" In particular, two disorders specific to the pre-
mutation range have been described: primary ovarian
insufficiency (formerly premature ovarian failure), which
occurs in approximately 20% of females with the premu-
tation, as compared with 1% of the general population?;
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and the late-adult-onset neurodegenerative disorder,
fragile X-associated tremor/ataxia syndrome. ' There-
fore, it is critical for understanding the broader societal
impact of the fragile X family of disorders to obtain an
accurate estimate of allele frequencies for both premuta-
tion and full mutation alleles, in diverse ethnic and geo-
graphical populations.

Previously, large-scale screening of the newborn pop-
ulations has been hampered by the lack of a rapid,
inexpensive screening test that is capable of using blood
spots to register all expanded (premutation and full mu-
tation) FMR1 alleles, for both males and females. How-
ever, with the recent development of such a test,'®
screening of blood spots to detect all expanded alleles is
now feasible, which in turn permits large-scale screening
of newborn populations.

Here we report the results of an anonymous blood spot
screening of 5267 newborns (males) collected across the
region of Castilla y Ledn, Spain. The screened samples
included 199 gray zone alleles (1 in 26; 95% confidence
interval, 1/23-1/30), 21 premutation alleles (1 in 251; 95%
confidence interval, 1/164-1/385), and two full mutation
alleles (1 in 2633; 95% confidence interval, 1/714-1/
10,000), which is in line with estimates based on the
Israeli population screens.®

Materials and Methods
Subjects

Blood spots used in the current study were obtained from
an existing archive of bloodspots representing routine
newborn screening at designated hospitals of the region
of Castilla y Ledn (nine different provinces), with blood-
spots routinely collected between the third and fifth day
of life. Samples were collected on 903 specimen collec-
tion paper (Whatman, Inc., NJ). The dried blood spots
were received at the Metabolic Diseases Laboratory of
the Institute of Biology and Molecular Genetics of the
University of Valladolid, reference laboratory for the new-
born screening of metabolic and genetic diseases (hy-
pothyroidism, phenylketonuria, and cystic fibrosis) in the
Castilla y Ledn region of Spain. For the current study, a
total of 5267 samples (labeled as male), representing
consecutive samples received during the first 6 months
of 2007, were used. The samples were stripped of all
identifiers, patient codes, and/or accession numbers at
Institute of Biology and Molecular Genetics, preserving
only stated sex and ethnicity of the donor, to ensure that
the samples were not traceable to the donors; thus, only
completely de-identified samples were sent to the
M.I.N.D. Institute molecular laboratory at the University of
California, Davis, for genotyping. On reaching the Univer-
sity of California, Davis, each sample was assigned a
local accession number. The majority of the subjects
were Caucasian and Spanish from the catchments re-
gion. Based on regional census figures, approximately
4% of the population was found to be foreign to the
catchment region. All protocols involving human subjects

Newborn FMR1 Population Screening 325
JMD July 2009, Vol. 11, No. 4

Size (bp)
1 2 3 4 5 6 7 8 9 10 11 12 13_14_ 15 700
500
e 500

—_— —_— l | Y

200

Figure 1. Example of sizing of FMR1 alleles obtained from blood spots
included in this study. Premutation alleles: lanes 2, 3, 4, 5, 8, 9, 11 and 13.
Gray zone alleles: lanes 7, 10, and 12; normal alleles: lanes 1, 6, and 14. Lane
15: female control (30, 54 CGG size determined by sequencing). A DNA size
marker 100 bp, 3 kb (Qiaxcel) was used to size the different alleles.

were performed under an existing Institutional Review
Board for anonymous screening.

Molecular Studies

A disk 1.2 mm in diameter was removed by punch from
each dried blood spot and was placed in a clean 0.5-ul
polymerase chain reaction (PCR) tube. Two hundred mi-
croliters of Qiagen RBC lysis solution (Qiagen, Valencia,
CA) was added to the tube followed by incubation for 5
minutes at room temperature. The supernatant was re-
moved, including any excess liquid adhering to the disk,
and the disk was left to dry for several minutes before the
PCR master mix (FastStart PCR kit; Roche Diagnostics,
Indianapolis, IN) was added to each sample. Master mix
containing primers ¢ and f'® was prepared and used
according to the manufacturer’s instructions; primers ¢
and f yield amplicons of 221 + 3 X CGG repeat number
bp. Using the applied Biosystems 9700 thermocycler, the
PCR conditions were: 10 minutes initial denaturation at
95°C, 10 cycles of 95°C for 35 seconds, 64°C for 35
seconds, 68°C for 4 minutes; followed by 25 cycles of
95°C for 35 seconds, 64°C for 35 seconds, 68°C for 4
minutes (with 20 seconds increase each cycle); followed
by a final extension of 10 minutes at 68°C. The PCR
products were stored at 4°C until analysis or were imme-
diately analyzed using the Qiaxcel genetic analyzer (Qia-
gen), which utilizes a preassembled cartridge (cartridge
type Qiaxcel DNA high-resolution cartridge, injection time
10 seconds, Qiaxcel DNA size marker 100 bp, 3 kb) to
simultaneously run samples and collect data. Using con-
ditions as recommended by the manufacturer, Figure 1
shows PCR products derived from 14 bloodspots using
the Qiaxcel capillary system. Data were analyzed on a PC
running BioCalculator software, which saves the data
collected by the unit and allows CGG repeat size analysis
after collection. Using DNA size marker as indicated in
Figure 1, alleles were classified as normal (<45 CGG
repeats), gray zone (45-54 CGG repeats), premutation
(565-200 CGG repeats), and full mutation (>200 CGG
repeats). Samples that did not yield a band after the first
round PCR with primers ¢ and f were subjected to a
secondary CGG-primer-based PCR screening as previ-
ously described.'® Figure 2 shows PCR products ob-
tained from secondary screening of blood spots using
the chimeric CGG-targeted primer for the detection of
large CGG repeat expansions run on a 2% agarose gel.
An extensive smear is produced with the chimeric primer
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Figure 2. Detection of large CGG repeat expansions using a CGG-targeting
PCR primer. Lanes 1 and 4, the two full-mutation alleles identified in this
study; lanes 2 and 3, normal alleles identified in this study; lanes 5 and 6,
normal and full mutation controls; lane 7, negative control.

when an expanded allele is present, as shown in lanes 1
and 4 for the two full mutation samples, while no smear is
visible in the presence of a normal allele as shown in
lanes 2 and 3. Blood spots that underwent the CGG
primer-based PCR screening were washed two times for
15 minutes in 1 ml of ddH20 and used immediately in a
PCR reaction.'® PCR products were run on a 2% agarose
gel. Isolation of DNA from blood spots was performed on
the two full mutation samples to rule out the possibility
that the two samples were indeed large premutation al-
leles (see Results). DNA was obtained by usinga 1 X 3
mm punch bloodspot directly into a 500-ul Eppendorf
tube containing 60 wl of cell lysis solution (Qiagen) and 3
wul of 20 mg/ml proteinase K (Roche Diagnostics, India-
napolis, IN). Spots were incubated at 55°C overnight and
then treated with 2.5 ul of RNase A (5 mg/ml) at 37°C for
15 minutes. Proteins were precipitated by adding 200 ul
of protein precipitation solution (Qiagen). The solution
was spun down at 12,000 rpm for 5 minutes and the DNA
was precipitated from the supernatant with 1 volume of
isopropanol and 1 ul of glycogen solution (20 mg/ml).
The DNA pellet was washed with 70% ethanol, dissolved
in DNA hydration solution (Qiagen), and stored at —20°C
until use.

Results

Of the 5267 total male blood spots screened, 32 (0.6%)
showed two main bands using two different sets of prim-
ers and were not analyzed further. Although some of
those samples may have been mislabeled with respect to
the sex of the infant, one would expect that 5 to 10
samples would have come from Klinefelter subjects.
Given the anonymous nature of the sample, no follow-up

Table 1. Allele Frequencies Within the Screened Sample

Allele class ~ Number of 95% confidence
(range) samples Frequency* interval

Normal 5013
(6-44 CGG)

Intermediate 199 1/26 1/23-1/30
(45-54 CGQG)

Premutation 21 1/251 1/164-1/385
(55-200 CGG)

Full mutation 2 1/2633 1/714-1/10,000
(>200 CGQG)

Samples with 32
two bands

Total 5267

*Frequencies are based on the total sample size, which includes the
32 samples ejected for sizing.

was possible. It should be noted that all bands in those
32 samples were in the normal range (data not shown).
Some of the blood spots were run twice if they failed to
amplify the first time. Of the remaining 5235 alleles, 5013
had a CGG repeat number within the normal range; 199
were gray zone alleles (1 in 26; 95% confidence interval,
1/23-1/30), 21 were premutation alleles (1 in 251; 95%
confidence interval, 1/164-1/385), and two were pre-
sumptive full mutation alleles (1 in 2633; 95% confidence
interval, 1/714-1/10,000) (Table 1, Figure 3). With the
CGG primer approach, a smear is detectable also in
the presence of a large premutation allele. Therefore, to
rule out the possibility that the two samples harbored
alleles in the upper premutation range, which we failed to
amplify using the first PCR step (with primer ¢ and f), we
mixed the DNA isolated from the two blood spots sepa-
rately with the same amount of DNA from a known pre-
mutation carrier harboring premutation alleles of 144 and
185 CGG repeats. After PCR with primer ¢ and f, only the
two premutation bands corresponding to the known pre-
mutation carrier were detected and visualized on the
agarose gel (data not shown). These findings reinforce
our position that two full mutation alleles were detected.

Whereas the frequency of gray zone alleles (1/26) is
not significantly different from literature values for the
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Figure 3. Distribution of the sizes of the 5233 FMR1 alleles analyzed in the
current study.



Canadian cohorts,®2° the value of 1/251 for premutation
alleles is three times larger than the value of 1/813 pre-
viously reported in males by Dombrowski et al,® and is in
close agreement with the expectation derived from the
female Israeli cohorts.® The premutation alleles ranged in
size from 55 to 77 CGG repeats; thus, all were toward the
small end of the premutation range, again consistent with
previous observations.?’

Using the current PCR screening method, we could not
establish whether any of the 21 identified premutation
subjects were actually size and/or methylation mosaic
individuals; that is, that they were also carrying a full
mutation allele that we did not detect. Were any one of
these 21 cases actually an undetected mosaic, the cur-
rent study would have underestimated the true frequency
of full mutation alleles, which would then yield 1/1756 for
the frequency of full mutation alleles (ie, for three full
mutations, not two), which is much higher than other
estimates for full mutation frequency. The presence of
mosaics and full mutation alleles can be established by
Southern blot analysis; however, given the limited amount
of DNA that can be extracted from the filters, such an
analysis is not possible. Methylation analysis (ie, using
long PCR in combination with bisulfite modification) of the
promoter region of the FMRT region could also be used to
identify methylated (and hence full mutation) alleles;
again, the method requires much larger quantities of
DNA than can be obtained from the filters. We are cur-
rently attempting to improve the sensitivity of the current
PCR approach.

Discussion

In this work we have used a newly developed methodol-
ogy to answer a number of questions regarding FMR1
allele frequency, size distribution, and feasibility of new-
born screening on a large scale. Previous studies, aimed
at establishing allele frequencies in different populations,
have yielded dissimilar results mainly due to screening
selection bias. Moreover, no studies have demonstrated
the practicability of large-scale population screening for
all expanded FMR1 alleles (for both males and females)
from newborn blood spots. Our current findings under-
score the feasibility of large population screening, as for
example newborn screening. The availability of an easy,
rapid, and inexpensive test may facilitate the introduction
of newborn screening for FMRT mutations into the estab-
lished public health infrastructure for existing newborn
screening programs, and thus early childhood develop-
mental intervention strategies could be enhanced for chil-
dren who are diagnosed with FMR7 mutations.

One important outcome from this study is that the
frequency of premutation alleles (1/251) in an unbiased
sample of male newborns in Spain appears to be three
times higher than the frequency most often quoted in the
literature (1/813).° This higher frequency of premutation
alleles has important implications for the prevalence in
Spain of developmental and behavioral problems (eg,
attention deficit hyperactivity disorder and autism
spectrum disorders®?2®) that are frequently observed
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in children who carry premutation alleles, and for fragile
X-associated neuroendocrine (fragile X primary ovarian
insufficiency) and neurodegenerative (fragile X-associ-
ated tremor/ataxia syndrome) disorders among adult car-
riers. However, the current results speak more broadly of
the potential for significant differences in allele frequen-
cies across different populations. It should be kept in
mind that founder effects could contribute to the discrep-
ancies in allele frequencies observed in different popu-
lation groups.

The estimated frequency of full mutation alleles in this
Spanish cohort of 5267 males, 1/2633, is in line with
results from recent population screening studies (see’*®);
however, since this estimate was based on only two
samples, the confidence interval is quite large. Assuming
that the observed frequency is correct, a sample size of
approaching 50,000 would be needed to reduce the
upper limit of the confidence interval to within about 25%
of the mean value. Previously reported frequencies for full
mutation alleles (~1 in 2500 to 1 in 8000)3°242¢ have
generally been based on screening of target populations
with significant developmental problems extrapolated to
the general population. Such projections tend to under-
estimate the disease prevalence, and hence allele fre-
quencies, since individuals with only mild or no apparent
learning difficulties would be excluded. Interestingly, a
recent report® that used an average of the known fre-
quency for premutation females (1/126)%7 to estimate the
expected frequencies of full mutation and (male) premu-
tation alleles yielded frequencies of 1/2355 (males and
females) for full mutation alleles and 1/282 for premuta-
tion alleles (male); remarkably close to the observations
of the current study.

The current distribution of FMRT alleles indicates that
the most common alleles in this population are 29 and 30
CGG repeats (Figure 3). Previous studies have indicated
that the most common alleles vary of few repeats in
different populations including 28 CGG repeats,®® 29
CGG repeats in Taiwan,?” 30 CGG repeats,?® 29 and 30
CGG repeats in Spain,?® and 29 CGG repeats in a Chi-
nese population.®® However, it should be noted that small
differences among studies (1-2 CGG repeats) may be a
consequence of experimental errors in various labs in the
absence of single repeat precision and sequenced CGG
standards.

In a previous screen for expanded FMR1 alleles using
blood spots, Rife et al®' presented a general population
screening of 4937 newborn blood spots from males col-
lected throughout the Catalonia region in Spain. The
screening yielded a frequency of 1/2466 full mutation
males and 1/1233 premutation carriers. Whereas the fre-
quency of full mutation alleles observed in the Rife et al
study is in agreement with previous studies,3?® their
frequency of premutation alleles was lower than the value
of 1/813 reported in the Canadian study®; a paradoxical
result both in terms of the expectation from the genetic
model for transmission, '8 and given the fact that both the
Rife et al study and the current investigation used new-
born samples from Spain, albeit from different regions.
This discrepancy could be explained by the genotype
methodology used by this group. Two additional stud-



328 Fernandez-Carvajal et al
JMD July 2009, Vol. 11, No. 4

ies?°3* reported screens of newborns for fragile X using

blood spots. Dawson et al*® analyzed cohorts of 1000
males and 1000 females; however, the number of sam-
ples successfully analyzed in that study was quite small,
owing to a high (~25%) failure rate on PCR. In the second
study, Holden et al®** reported blood spot screening re-
sults for 2050 newborn males; however, their study also
suffered from difficulty with PCR amplification for alleles
larger than ~75 CGG repeats. Finally, a recent study by
Saul et al®® reported an equal frequency of both premu-
tation and full mutation (1:730), which most likely reflect
the low number of subject screened (1459 newborn
blood spots).

The current pilot screening study for expanded FMR1
alleles, using newborn blood spots, demonstrates the
applicability of our methodology to large-scale newborn
screening. The methodological approach satisfies the
principal requirements for a screening tool: that it reliably
detect expanded alleles at least through the upper por-
tion of the premutation range; that it be both rapid and
cost effective (ie, less than $3 for reagents per test); and
that it works effectively with the small amount of DNA
typically yielded from a portion of a single blood spot, the
principal resource for newborn screening. It should be
noted that although the CGG-primer-based screening
method is capable of registering large expansions in the
full mutation range, it is not designed to determine the
actual sizes of full mutation alleles. Rather, full mutation
alleles flagged by the screening method would be sized
by Southern blot analysis as part of a newborn follow-up
assessment and early intervention program. In this con-
text, newborn screening would provide parents the op-
portunity to learn about their child’s fragile X status and
their own reproductive risk, in addition to other likely
benefits provided by accessing early intervention pro-
grams, which have been shown to positively influence
child development and provide support to families of
children with fragile X syndrome.®¢-%8
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