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Abstract
Background: Population screening for FMR1 mutations has been a topic of considerable discussion since the FMR1
gene was identified in 1991. Advances in understanding the molecular basis of fragile X syndrome (FXS) and in
genetic testing methods have led to new, less expensive methodology to use for large screening endeavors.
A core criterion for newborn screening is an accurate understanding of the public health burden of a disease,
considering both disease severity and prevalence rate. This article addresses this need by reporting prevalence
rates observed in a pilot newborn screening study for FXS in the US.
Methods: Blood spot screening of 14,207 newborns (7,312 males and 6,895 females) was conducted in three
birthing hospitals across the United States beginning in November 2008, using a PCR-based approach.
Results: The prevalence of gray zone alleles was 1:66 females and 1:112 males, while the prevalence of a
premutation was 1:209 females and 1:430 males. Differences in prevalence rates were observed among the various
ethnic groups; specifically higher frequency for gray zone alleles in males was observed in the White group
compared to the Hispanic and African-American groups. One full mutation male was identified (>200 CGG repeats).
Conclusions: The presented pilot study shows that newborn screening in fragile X is technically feasible and
provides overall prevalence of the premutation and gray zone alleles in the USA, suggesting that the prevalence of
the premutation, particularly in males, is higher than has been previously reported.

Background
Fragile X syndrome (FXS), the most common single
gene cause of inherited intellectual disabilities and autism, is characterized by a CGG-repeat expansion (>200
CGG repeats, full mutation) in the portion of the first
exon of the fragile X mental retardation 1 gene (FMR1),
which encodes the 5’ UTR of the FMR1 mRNA. When
the full mutation is present, epigenetic modification of
the CGG rich region turns off the gene, which results in
absence or deficit of the encoded product, FMRP, leading to defects in synaptic plasticity. FMR1 premutation
carriers have an unstable expansion containing 55 to
200 CGG repeats and gray zone or intermediate allele
carriers have small expansions of 45 to 54 repeats [1].
The FMR1 full mutation can cause a broad spectrum of
involvement, including intellectual disability, behavior
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problems, social deficits and autism spectrum disorders
(ASD) [2-4]. Significant clinical involvement has also been
reported in some premutation carriers, including medical,
neurological and psychiatric problems such as ASD, attention deficit-hyperactivity disorder (ADHD), depression and
anxiety [5-12]. Moreover, fragile X-associated primary ovarian insufficiency (FXPOI) occurs in approximately 20% of
female carriers [13,14] and fragile X-associated tremor
ataxia syndrome (FXTAS) affects approximately 40% of
older male carriers, and approximately 8 to 16% of older
female carriers [8,15-17]. Risks associated with gray zone or
intermediate alleles still need to be verified, but these alleles
may be associated with an increased risk for FXTAS and
FXPOI, and can be unstable when transmitted across
generations [18-21].
The reported prevalence of the full mutation in the
general population ranges from 1:2,500 to 1:8,000 in
females and approximately 1:4,000 to 1:5,000 in males
[22-28]. Premutation carriers (55 to 200 CGG repeats)
are more common, with estimates ranging between 1:130

© 2013 Tassone et al.; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

Tassone et al. Genome Medicine 2012, 4:100
http://genomemedicine.com/content/4/12/100

and 1:256 for females and 1:250 and 1:813 for males
[27,29-34]. Several studies suggest that FXS prevalence
rates may differ across ethnic groups and countries based
on studies of populations in the United Kingdom [25],
Spain [30], Finland [35], Asia (Taiwan [36,37], Japan
[38]), Israel [26,39-41], and North America [29,42,43].
However, discerning the ‘true’ incidence rate has been
challenging, due primarily to small sample sizes and
some design limitations, such as selection bias in studies
that focus on specialized populations (for example, children in special education settings [44], pregnant volunteer adults with no history of mental retardation [41] or
adults with no major health problems [38]). Further complicating this picture is the varying definition of CGG size
ranges for intermediate/gray alleles and premutation
alleles. A summary of the studies estimating prevalence
since 1995 in various populations, designs, and settings
is shown in Table 1, while the prevalence of FMR1
expanded alleles from newborn screening studies conducted in different countries is summarized in Table 2.
A large-scale population-based screening for FXS, in
both males and females across the entire spectrum of fragile X mutations, has not been conducted in the United
States. One problem has been the lack of a molecular test
capable of identifying FMR1 alleles throughout the range
(from normal to the full mutation) in both males and
females. In recent years, several methodologies have been
published and claimed to be suitable for large population
screening [22,30,45-50], although all have presented some
technical and non-technical problems, including the
amount of DNA template required, degradation due to the
use of bisulfite, inclusion of females, and failure to detect
unmethylated expanded alleles. Importantly, no study in
both genders, across all the mutation ranges, has been
conducted on blood spot cards, a central requirement for
newborn screening. The few large studies that have been
conducted on blood spot cards include a study of 36,154
de-identified blood spot cards from male newborns, targeting only those with a methylated full mutation [22] and
reports on newborns from Spain and from Taiwan that
also included only males (Table 2) [30,36,37,51].
Traditionally, Southern blot analysis has been considered the most accurate method to size the full mutation
and to determine the methylation status of the expanded
alleles for all mutation sizes. However, it is laborious,
expensive and requires a large amount of DNA, making
it poorly suitable for screening purposes. Screening of
blood spot cards by a PCR-based method is the best
approach currently available for screening large populations. However, because PCR testing can report CGG
repeat lengths for all size ranges, clinicians and policy
makers associated with newborn screening will need to
consider which categories of FMR1 expansions to report.
In part this decision will be determined by the clinical
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utility of the information and associated ethical issues.
However, more accurate estimates of prevalence are
essential so that the public health burden (for example,
counseling and treatment costs, patient education before
screening) can be assessed more accurately.
To help answer this question, we report here the outcomes of a large fragile X newborn screening study conducted in the United States, consisting of 14,207
newborn blood spot samples (7,312 males and 6,895
females). The screening method utilized allowed for precise quantification of CGG allele size, distribution of
allele sizes within different ethnic groups and determination of the prevalence of gray zone and premutation
alleles in both males and females. The advantages of the
screening approach used in the present study, in addition
to its high throughput ability, are the ability to detect
expanded alleles throughout the range in both genders,
the use of blood spot cards for the screening, and the
relatively unbiased population sample that should yield
representative allele frequencies for different ethnic
groups in the USA. The sample size is too small to provide an estimate of full mutation prevalence, and thus the
paper is focused on gray zone and premutation alleles.
These alleles are much more common than full mutation
alleles and their disclosure complicates the counseling
burden that would result. We also report the prevalence
for an expanded gray zone allele range, from 40 to 54
CGG repeats for comparison with other studies that have
reported allele frequencies using this expanded size range
[52,53].

Materials and methods
Study subjects

Bloodspots from newborns at UC Davis Medical Center
(UCDMC, Sacramento, CA, USA), Rush University Medical Center (RUMC, Chicago, IL, USA) and the University
of North Carolina (UNC) Hospital (Chapel Hill, NC,
USA) were made from extra blood at the time of the
state-mandated heel stick. Babies did not receive an extra
heel stick if there was not enough blood from the mandated state newborn screen heel stick already available to
obtain the extra card. At all three sites a research assistant reviewed the newborn nursery admittance record
daily, approached parents to obtain consent for the newborn to participate in the fragile X screening program,
which was separate from the state newborn screening
programs. They entered the patient’s room and asked for
permission to speak with the family. If the parents
decided not to speak to the research assistant, their refusal was noted. When permission was given by the parents
for the research assistant to speak with them, a prepared
script, institutional review board (IRB) approved, was
used to briefly introduce the purpose of the study. The
parents were asked if they had any questions and if they
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Table 1 Prevalence data in general population.
Reference

Location

Number tested

Gender

Genotype

[42]

Canada

10,624

Female

Pre

CGG range
55-101

Prevalence
1/259

[81]

USA

3,345

Pregnant/non-pregnant women

Gray

40-49

1/52 (no fhx)

50-59

0/474 (no fhx)

Pre

60-200

1/158 (no fhx)

Full

>200

0/474 (no fhx)
0/214 (fhx)

1/107 (fhx)
0/214 (fhx)
0/214 (fhx)

[25]

UK, 11-16 years

[35]

Finland

347
1,738

Fragile X
Pregnant women

1/2,720

Pre

60-200

1/246

Full

>200

0/1,477

[40]

Israel

10,587

Female

Gray/Pre

51-200

1/77

[82]

Israel

9,660

Pregnant/non-pregnant women

Pre

50-199

1/114

Full

>200

0/9,660

[26]

Israel

9,459

Pregnant/non-pregnant women

Pre
Full

52-199
>200

1/73
1/2,365

[83]

UK

3,738

Male

FRAXA full

≥200

1/187

[84]

Finland

Pregnant women

Pre

61-200

1/220

Full

>200

0/220

[41]
[29]
[24]

Israel
Canada
USA

239
14,334

Pre

55-200

1/113

Full

>200

1/4,778

Male

Pre

55 to <230

1/813

2,250

Male

Full
Full

>230
≥200

1/155
1/353

Intermediate

41-60

1/27

1,089

Female

Pre

61-199

1/531

10,572

Pregnant/non-pregnant women

Intermediate

41-60

1/19

[85]

Taiwan

1,002

Pregnant women

Gray

40-52

1/46

Pre

>52

0/1,002

[33]

USA

29,103

Pregnant women

Gray

45-54

1/143

Pre
Full

55-200
>200

1/382
0/2,292

Pre

55-199

1/158 (no fhx)

Full

>200

1/36,483 (no fhx)

Gray

45-54

1/22

Pre

55-200

1/65

[39]

Israel

40,079

Pregnant/non-pregnant women

1/150 (fhx*)
1/899 (fhx)
[86]

Australia

[34]

Canada

[38]

Japanese

[32]
[74]

USA
USA

338

Non-pregnant women

21,411

Female

Full
Gray

>200
45-54

0/65
1/86

Pre

55-200

1/241

576

Female

Intermediate

40-50

1/324

370

Male

Intermediate

40-50

1/103

11,759

Female from cystic fibrosis screening

Pre

55-200

1/245

2,011

Ashkenazi Jewish women

Pre

55-200

1/134

3,273

Male

Gray

45-54

1/42

Female

Pre
Gray

55-200
45-54

1/468
1/35

Pre

55-200

1/151

3,474

fhx, family history of FXS.
* Family history of individuals with intellectual disability, developmental problems, or autism in extended family but without relatives who were fragile X carriers.
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Table 2 Prevalence data from newborn screening studies
Reference

Location

Ethnicity

[23]

Georgia, USA

45% Caucasian

Number tested Gender

CGG range

Number positive

Prevalence

36,124

Male

Full

Genotype

>200

7

-

4,843

Male

Gray
Pre

40-54
55-200

90
2

>200
40-60

2a
51b

-

30% African-American
15% Hispanic
2% Asian
2% Multicultural
1% American Indian
5% Unknown
[37]

[87]
[30]

Taiwan

Canada
Spain

Asian

Canadian
Hispanic

1,000

Male

Full
Gray

1,000

Female

Pre

>60

1c

-

5,267

Male

Gray

45-54

199

1/26

Pre

55-200

21

1/251

Full

>200

2

1/2633

Gray
Pre

53-55
56-200

11
4

1/449
1/1233

>200
55-200

2
2

1/2466
1/730
1/730

-

[51]

Catalan, Spain

Hispanic

5,000

Male

[43]

South Carolina, USA

NAd

1,459

Male

Full
Pre
Full

>200

2

[36]

Taiwan

Asian

10,046

Male

Gray

45-54

70

1/143

Pre

55-200

6

1/1674

Full

>200

1e

-

a

Need Southern blot confirmation. bNumber positive includes both genders. cGender of the positive premutation is male. dRacial data not collected for this study.
e
Not confirmed.

would like to participate in the formal consenting process. The reason(s) as to why a family did or did not
choose to participate were recorded when possible.
University of North Carolina Hospital

At the UNC site, consent was obtained prior to the heel
stick for the state screening and collection of the extra
blood spot card for fragile X screening. Only blood spot
cards from consented newborns were included in the
study. Cards were shipped in the initial period of this
project, to the UCD MIND Institute Molecular Laboratory in Sacramento and later to the Wisconsin State
Health Department Cytogenetics and Molecular Laboratory for CGG allele size analysis. Only families of infants
in the regular care nursery were approached. The screening involved an informed consent under a protocol
approved by the UNC IRB. A description of the screening
process, participation rates, and reasons for accepting or
declining screening has been previously reported [54].
Rush University Medical Center (Chicago, IL)

At RUMC it was not possible to obtain the state screening
after consent due to the phlebotomy schedule. Consequently, the extra spot was obtained when the state
screening heel stick was done and consenting was done
afterwards to request use of the blood spot for the
research project. This avoided the need to do a second
heel stick on the babies. Consent forms used were

approved by the RUMC IRB. For consenting families,
demographic information was obtained from the family
after the consent was signed. The bloodspot was identified
by the newborn’s last name, gender and date of birth. All
data were recorded in computer files at RUMC, and then
the blood spots were shipped to the UCD MIND Institute
Molecular Laboratory in Sacramento for the CGG allele
size analysis. The blood spots collected from families who
chose not to participate in the newborn screening study
but did not object to anonymous screening, were de-identified and sent to the UCD MIND Institute Molecular
Laboratory. Specifically, non-consenting parents were told
verbally that the blood spot would be used for anonymous
population screening to obtain information on allele prevalence; if the parent objected, the sample was discarded.
Families of infants from both regular care and special care
nurseries were approached to participate in the study.
UC Davis Medical Center (Sacramento, CA)

A similar procedure was followed at the UCDMC site. An
additional spot was obtained when the state screening heel
stick was done and consenting was carried out with a UC
Davis IRB approved consent form. Only families of infants
in the regular care nursery were approached. Blood spot
cards from consented newborns were included; however a
previous anonymous screening was allowed by the UC
Davis IRB using a different funding source and before
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funding for consented screening was obtained; thus, the
anonymous screening was also included at the UCDMC
site for the prevalence figures described below. For those
who did not sign consent, but allowed anonymous screening, or for those who were not approached, bloodspots
were assayed as anonymous screening. These latter bloodspots were stripped of all identifiers and patient codes,
preserving only stated gender and ethnicity of the donor,
to ensure that the samples were not traceable to the newborn. Those who specifically denied consent were not
included in this study. To each bloodspot card a local
accession number was assigned and underwent genotyping
analysis.
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followed Agencourt Genfind v2 FTA Cards software
(Beckman Coulter Inc.) with a minor change of replacing
Wash 2 solution with 70% ethanol. Isolated DNA was
stored at -20°C. Isolation of DNA was also performed
using the QIAxtractor Reagent Pack (Qiagen) on the
QIAxtractor (Qiagen) following the manufacturer’s
instructions. Each blood spot sample was lysed with 280 µl
lysis buffer with 20 µl of proteinase K followed by incubation with 600 µl of binding buffer. Samples were then
washed twice with wash solution (DXW) and final wash
solution (DXF) and eluted with 60 µl of nuclease-free
water. The isolation procedure followed the QIAxtractor
software (Qiagen). The isolated bloodspot DNA was
stored at -20°C.

Follow up for infants carrying an expanded allele

At each site the family was contacted by phone following
the identification of a consented newborn with the premutation or full mutation. The results were conveyed and
explained to the parents, questions answered, and a visit
was scheduled for the child to be seen for further medical
follow-up and a genetic counseling session. The expanded
allele was confirmed by standard FMR1 diagnostic testing
(including Southern blot analysis) on a confirmatory blood
sample from the infant, in a Clinical Laboratory Improvement Accreditation (CLIA) College of American Pathologists (CAP) certified clinical diagnostic laboratory at
UCDMC, RUMC, or UNC. In all cases, expanded premutation alleles identified through newborn screening were
confirmed by standard FMR1 diagnostic testing.
Bloodspot screening: CGG sizing

Most of the samples were collected on FTA cards (Whatman Inc., Piscataway, NJ, USA); however, blood spots collected between January and May 2012 were collected on
903 paper (Whatman Inc.) at RUMC and at UCDMC.
Blood spot cards were used directly in the PCR mixtures
after being washed with FTA purification reagents (Qiagen, Valencia, CA, USA) as previously described [50] or
DNA was isolated from two to three punches using either
a QIAxtractor (Qiagen) or a Biomek NX workstation
(Beckman Coulter Inc., Brea, CA, USA) as described
below. No differences were obtained in terms of DNA
quality or yield from either FTA or 903 cards.
DNA isolation from bloodspot punches

Isolation of DNA was performed using the Agencourt
Genfind v2 DNA Isolation Kit (Beckman Coulter Inc.) on
the Biomek NX workstation (Beckman Coulter Inc.) following the manufacturer’s instructions. Briefly, each blood
spot sample was lysed with 150 µl of lysis buffer with 3 µl
of proteinase K followed by incubation with 75 µl of binding buffer. Samples were then washed twice and eluted
with 30 µl of nuclease-free water. The isolation procedure

PCR analysis

The bloodspot PCR screening approach was as follows:
first round PCR screening was used to size all normal,
intermediate and/or premutation alleles using c and f
primers (by Fast Start approach, CGG rich or Expand
Long PCR; Roche Diagnostics, Indianapolis, IN, USA).
Male samples with no band on the first round or female
samples with a single band underwent a second PCR
screening assay using a CCG chimeric primer [50,55].
Genomic DNA was amplified using Fast Start PCR
protocol (Roche Diagnostics). Master mix containing
primers c and f was prepared and used according to the
manufacturer’s instructions; primers c and f yield amplicons of 221+ (CGG)n bp. PCR reactions were run in the
Applied Biosystems 9700 thermocycler with PCR conditions as previously described [30]. The PCR products
were analyzed using the ABI 3730 Capillary Electrophoresis (CE) Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA). Unpurified PCR product (2 μl) was
mixed with 12 μl of Hi-Di Formamide (Applied Biosystems) and 2 μl of a ROX 1000 Size Ladder (Asuragen
Inc., Austin, TX, USA). Samples were heat-denatured at
95°C for 2 minutes followed by cooling on ice before
being transferred to the CE instrument. Samples that
did not yield a band for males and yielded only one
band for females after the first PCR round were subjected to a secondary CGG-primer-based PCR screening
[50,55]. Samples were prepared for the PCR with a master mix from AmplideX FMR1 reagent kit (Asuragen
Inc.) containing FMR1 For, Rev FAM primers and
FMR1 CGG primer or by using the CGG rich approach
(Roche Diagnostics). PCR conditions were as indicated
by the manufacturer (Asuragen Inc.) and were as previously described [50,55]. The PCR products were run
on CE for detection as previously described [45]. Serial
peaks were visualized on CE with the CGG-chimeric
primer when an expanded allele was present. CE data
were analyzed by the ABI Genescan analysis software.
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Statistical analysis

Student’s t-test and ANOVA were used to compare
CGG distribution for gender and ethnicity. Exact confidence intervals were obtained for overall prevalence estimates, as well as among ethnicity groups across gender.
Comparisons of prevalence were based on Fisher’s exact
test. Association between ethnicity and consenting status
was analyzed using logistical regression. SAS version 9.2
(Cary, NC) was utilized for the analysis.

Results
Study population

A total of 14,207 blood spot samples, 7,312 males and
6,895 females, from newborns were collected across the
three sites from November 2008 through May 2012.
The study population included five ethnic groups (based
on mother’s ethnicity): White/Caucasian (White; N =
4,161, 29.4%), Hispanic/Latino (Hispanic; N = 3,493,
24.6%), African American/Black (Black; N = 3,069,
21.6%), Asian/Indian (Asian; N = 796, 5.6%), and
Others, including Native American (Others; N = 1,286,
9.1%). There were 1,374 subjects (9.7%) from whom ethnicity could be not ascertained.
CGG allele size distribution

The CGG screening was conducted following the workflow previously described in Tassone et al. [50]. Briefly,
male and female newborns that generated, respectively,
a single or two bands (two alleles) after the first PCR
FMR1 specific screening (using primers c and f) were
not analyzed further. Blood spots were run twice if
they failed to amplify the first time. All samples
included in the analysis generated clear amplified
FMR1 specific products. Females with only one amplified band and males without a clear amplified PCR
band (one case of a full mutation male newborn identified in this study) underwent the second screening
PCR using a CGG primer as previously described
[50,55]. Of the remaining 20,930 alleles, 20,710 had a
CGG repeat number within the normal range (CGG
range 6 to 44); 170 (105 females and 65 males) were
gray zone alleles (mean CGG = 48 in both genders,
CGG range 45 to 54); 50 (33 females and 17 males)
harbored a premutation allele (mean CGG = 70 in
both females and males, CGG range was 55 to 130).
Additionally, 21 males generated 2 bands after the first
PCR screening and 6 females were not definitely genotyped and therefore were excluded from the analysis.
Although some of those samples may have been mislabeled with respect to the sex of the newborn, some
could have been subjects with Klinefelter Syndrome,
but they were not studied further because of study and
IRB constraints. Among the 14,207 newborns screened,
one male (7,312 total males screened) was identified as
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having a full mutation allele at UCDMC. This subject
was not included in the subsequent prevalence analysis.
There was no gender difference in CGG distribution
for either gray (female: N = 105, mean 48, standard
deviation (SD) 3; male: N = 65, mean 48, SD 3; P =
0.3829) or premutation alleles (female: N = 33, mean 70,
SD 21; male: N = 17, mean 70, SD 17; P = 0.9453).
Results are shown in Table 3. CGG allele size distribution is represented in Figure 1a for N = 20,710 alleles
(7,208 from male, 13,502 from both female alleles); the
observed CGG range is from 6 to 44, with a median of
29 (SD ± 4) and mode of 30. For the 170 gray zone
alleles in the 45 to 54 range (65 males and 105 females;
median 48; SD ± 3) CGG size distribution is shown in
Figure 1b. Because some studies have reported the 40 to
54 CGG range as an expanded gray zone range [52,53],
we also examined the CGG allele distribution in the 614
alleles in this range (383 were females, 4 of which had
both alleles with a CGG repeat number between 40 and
54; 227 were males; median 42; SD ± 3; Figure 1c). For
premutation carriers (CGG 55 to 200), Figure 1d displays CGG repeats for 50 individuals with observed
CGG repeat length ranging from 55 to 130 (17 males
and 33 females; median 62; SD ± 20) with the majority
of the subjects (n = 35, 70%) carrying an allele with
repeat number <70 CGG.
We determined the CGG size distribution of gray
zone and premutation alleles across different ethnic
groups. Results show that, among premutation carriers,
Whites tended to have slightly higher CGG repeat size
(mean 76, SD ± 24, N = 16) than other ethnicity groups
(mean ranging from 62 to 75), although the difference
did not reach statistical significance. It should be noted
that these observed differences should be considered
descriptive due to the small sample size (Table 4).
Prevalence

Across the three sites, the prevalence for gray zone
alleles was 1:66 in females (95% confidence interval (CI)
Table 3 Summary of CGG distribution across gender in
the three categories (normal, gray zone, premutation)
Gender

N

Mean

SD

Median

Normal
F

13,502a

29

4

30

M

7,208

29

4

29

Gray
F

105

48

3

47

M

65

48

3

48

F

33

70

21

60

M

17

70

17

68

Pre

a

Both alleles from normal female subjects are included. F, female; M, male.
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Figure 1 CGG repeat allele size distribution. Histograms display the CGG repeat length observed in the newborn screening by allele category.
A) FMR1 alleles in the normal range (<45 CGG repeats, n = 20710 alleles). B) FMR1 alleles in the gray zone range (45-54 CGG repeats, n = 170
alleles). C) FMR1 alleles in the expanded gray zone range (40-54 CGG repeats, n = 614 alleles). D) FMR1 alleles in the premutation range (55-200
CGG repeats, n = 50).

1:80 to 1:54); and 1:112 (95% CI 1:145 to 1:88) in males.
In the 40 to 54 expanded gray zone CGG range, the
prevalence was 1:18 (95% CI 1:20 to 1:16) in females
and 1:32 (95% CI 1:37 to 1:28) in males. The prevalence
for premutation alleles was 1:209 (95% CI 1:303 to
1:149) in females and 1:430 (95% CI 1:736 to 1:268) in
males, which translates into a male to female prevalence
rate of 1 to 2.05. The prevalence for both gray zone and
premutation alleles for each site is reported in Table 5.
We also obtained estimates of the prevalence of gray
zone alleles in different ethnic groups. Although the sample size was small, we also report the observed premutation allele prevalence within ethnicity groups. The
observed premutation prevalence in females who were
Black (1:168) was higher compared to females who were
Hispanic (1:570, P = 0.0785) but this was not a significant
difference. The observed premutation prevalence in
males who were Black (1:780) was lower compared to
those who were White (1:358) and those who were Hispanic (1:595). The observed prevalence of gray zone
alleles in White males (1:61) was significantly higher than
in black males (1:142, P = 0.0153), and Hispanic/Latino
males (1: 198, P = 0.0007). The observed prevalence of
gray zone alleles was similar across White (1:58), Black
(1:75) and Hispanic groups (1:59) in females. We did not

compare the prevalence among other ethnic groups
because the sample size was too small (Tables 6 and 7).

Discussion
In the United States, newborn screening is an important
state-based public health program that began over 40
years ago with the development of a screening test for
phenylketonuria using newborn bloodspots dried onto a
filter paper card [56,57]. Many factors could influence a
decision to include a given condition in a newborn
screening program, such as the severity of the condition,
the availability of effective treatment, the age of onset,
and the complexity, availability or cost of the test [58].
Fragile X screening has captured increasing attention
lately for both potential benefits and concerns that affect
the development of a screening program. Fragile X
screening was not recommended for newborn screening
in the American College of Medical Genetics report of
2006 [59] primarily because of the lack of an accurate
screening test and the absence of data on benefits at that
time. In the past few years the advent of clinical trials of
targeted treatments for FXS and indications of positive
outcomes in early phase studies [60-64] have been exciting developments that promote the need for newborn
screening for FXS. Some of the targeted treatments and
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Table 4 Summary of CGG distribution across ethnicity
groups in the three categories
N

Mean

SD

20,710

29

4

170
50

48
70

3
20
4

Combine
Normala
Gray
Pre
White/Caucasian
Normala

6,044

29

Gray

70

48

3

Pre

16

76

24

4,506

29

4

31
11

48
71

2
21
4

African-American/Black
Normala
Gray
Pre
Hispanic/Latino
Normala

5,126

29

Gray

38

48

3

Pre

6

75

26

Asian, including Indian
Normala
Gray
Pre

1,147

30

3

5
4

47
62

1
9
4

Other, including Native American
Normala

1,864

29

Gray

14

48

3

Pre

9

63

6

2,023

29

4

12
4

50
57

3
1

Unknown
Normala
Gray
Pre
a

Both alleles from normal female subjects are included.

additional interventions are being studied in children in
the toddler period and these interventions will likely
enhance the developmental/behavioral interventions for
young children [65]. In addition, the development of a
new PCR-based screening approach utilized here has
further stimulated the discussion around newborn
screening in fragile X.
Table 5 Summary of prevalence across and over all sites
Gray
Site
CH

Gender

Total

N

Pre

Prevalence

N

Prevalence

F

3,140

45

1 : 70

12

1 : 262

M

3,279

25

1 : 131

4

1 : 820

NC

F

1,754

29

1 : 60

11

1 : 159

SAC

M
F

1,861
1,995

23
31

1 : 81
1 : 64

4
10

1 : 465
1 : 200

M

2,150

17

1 : 126

9

1 : 239

F

6,889

105

1:66

33

1:209

M

7,290

65

1:112

17

1:430

Overall

CH, Chicago, RUMC; F, female; M, male; NC, North Carolina, UNC; SAC,
Sacramento, UCDMC.

Accurate estimates of frequency of FMR1 mutations in
the general population are needed to better estimate fragile X allele frequencies for all racial and ethnic groups
and to determine the ramifications of any population
screening program in terms of numbers of identified
cases. The increasing number of disorders attributed to
the premutation has also encouraged better epidemiology data. Indeed, great interest has been focused on premutation carrier detection, since premutation alleles
have been found to be associated with FXPOI [13,14,66]
and FXTAS [67-69] and sometimes with neurodevelopmental disorders, such as ASDs and ADHD [5,9,70],
which can respond to treatments [71].
Here, we report allele frequency distributions found in
a pilot newborn screening study from three sites in the
US, using a novel PCR-based approach to demonstrate
the feasibility of screening for FMR1 mutations in a large
sample size and with samples collected on blood spot
cards. This is the largest newborn sample size screened
in the US for both males and females and for the detection of expanded alleles throughout the normal to full
mutation range. We found that the most common alleles
were those containing 29 and 30 CGG repeats, regardless
of ethnicity, in agreement with previous reports. The
screening identified 170 newborns carrying a gray zone
allele (45 to 54 CGG repeats) with a prevalence of 1:66 in
females and 1:112 in males. Some studies [52,53] have
advocated for expanding the gray zone to 40 to 54 CGG
repeats because there is an elevation in the FMR1 mRNA
expression levels in this range and there may be evidence
of risk of clinical involvement, including an increased
rate of primary ovarian insufficiency (POI) compared to
the general population [18,19]. In addition, an increased
prevalence of gray zone alleles has also been recently
reported in subjects with parkinsonism [52,72] and several cases of FXTAS have been reported in gray zone
[20,73]. Thus, we also report the prevalence in this
expanded gray zone range as 1:32 in males and 1:18 in
females based on the total number of newborns screened.
Our findings regarding the prevalence of the premutation
alleles (1:209 in females and 1:430 in males) are within
the range of what was previously reported in females
[29], but in males we observed a prevalence almost twofold higher than that in the Canadian study (1:813) [29],
lower than in the Spanish population [30] but in line
with a recent population-based screening study of older
adults in Wisconsin, US (1:468 in males) [74]. It is interesting to note that from our study the female to male
prevalence rate for the premutation is 2.05, in agreement
with the predicted ratio described by Hagerman [31].
Although the size of the premutation alleles varied
between 55 and 130 CGG repeats in females and between
56 and 125 CGG repeats in males, it is interesting to note
that 70% of the premutation alleles contained <70 CGG
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Table 6 Prevalence of grayzone and premutation alleles in females and males across ethnic groups
Overall

White

Black

Hispanic

Asian

Other

Unknown

Group* N = 14,179

N = 4,161

N = 3069

N = 3493

N = 796

N = 1286

N = 1374

Females (N)

6,889

2,014

1,508

1,709

368

614

676

Normal (count)

6,751

1969

1,479

1,677

360

601

665

105 (1:66)

35 (1:58)

20 (1:75)

29 (1:59)

5 (1:74)

8 (1:77)

8 (1:84)
1:195-1:43

Gray
Premutation

Count (rate)
(95% CI**) Gray

1:80-1:54

1:82-1:42

1:123-1:49

1:88-1:41

1:226-1:32

1:177-1:39

Count (rate)

33 (1:209)

10 (1:201)

9 (1:168)

3 (1:570)

3 (1:123)

5 (1:123)

3 (1:225)

(95% CI) Pre

1:303-1:149

1:420-1:110

1:366-1:89

1:2761-1:195

1:594-1:42

1:377-1:53

1:1092-1:77

7,290
7,208

2,147
2,106

1,561
1,548

1,784
1,772

428
427

672
662

698
693

Males (N)
Normal (count)
Gray
Premutation

Count (rate)

65 (1:112)

35 (1:61)

11 (1:142)

9 (1:198)

0 (N/A)

6 (1:112)

4 (1:174)

(95% CI) Gray

1:145-1:88

1:88-1:44

1:284-1:80

1:433-1:105

N/A

1:305-1:52

1:640-1:68

Count (rate)

17 (1:429)

6 (1:358)

2 (1:780)

3 (1:595)

1 (1:428)

4 (1:168)

1 (1:698)

(95% CI) Pre

1:736-1:268

1:974-1:165

1:6443-1:216

1:2882-1:204

1:16906-1:77

1:616-1:66

1:27570-1:126

Group* refers to the total number of males and females for all ethnicities. CI** refers to Confidence Interval.

repeats, in agreement with a recent report [32]. This may
be of relevance for estimating the frequency of FMR1
related disorders in the general population since individuals with >70 repeats are more likely to have premutation disorders [75]. If we consider that the prevalence of
a premutation allele in males is approximately 1:400 and
if FXTAS is affecting approximately 40% of the premutation male carriers, then we would expect that 1.6 males
out of 2,000 in the general population would develop the
neurodegenerative syndrome. As was described in a
recent study [76], FXTAS is far less likely in patients with
<70 repeats. Thus, despite rare reports of FXTAS in the
gray zone [52] and in the low end of the premutation
range, it is likely the frequency of FXTAS in the general
population is lower than 1.6/2,000. However, mild neurological problems, such as neuropathy or balance problems associated with the premutation, are likely to be
close to this prevalence and more common than in those
with a definitive diagnosis of FXTAS.
Only one male newborn, out of the total 7,312 males
screened, was found to have a full mutation at the
UCDMC site. A large screening of newborns (n =
36,154) reported a prevalence of 1:5,161 in males [23];
however, our sample size is too small to be confident of
a prevalence estimate for the full mutation. Indeed, one
would need in excess of 70,000 samples to estimate a
prevalence of 1:5,000 and 95% CI within a 50% margin
of error.
Table 7 P-value based on Fisher exact test (2 by 2 table)
Female
Gray
White versus Black

Male
Pre

Gray

Pre

0.3409

0.817

0.0153

0.4805

White versus Hispanic

1

0.161

0.0007

0.5239

Black versus Hispanic

0.4712

0.0785

0.5051

1

Although the CGG size distribution did not show a
difference between the two genders and among different
ethnic groups, differences were detected in the prevalence of expanded alleles. Specifically, the prevalence of
gray zone alleles was higher in White males compared
to Black and Hispanic males. Differences in the prevalence between the different ethnic groups were also
observed for the premutation alleles; however, they did
not reach statistical significance likely due to the small
number. It is important to consider the potential difference in prevalence of premutation alleles in different
populations as this could explain both the differences in
premutation prevalence and the incidence of FXS
among different studies.
Identifying and reporting babies with a premutation is
somewhat controversial, with important arguments on
both sides of the equation. One argument in favor of
disclosure is the potential benefit for extended family
members, in terms of genetic and reproductive counseling. Some of these family members may be suffering
from clinical problems related to the premutation or full
mutation segregating in the family, and can benefit from
knowledge of their condition to help direct treatment
[77]. Identification of babies with the premutation can
also lead to early intervention or treatment when needed
with appropriate follow-up [71]. Although premutation
babies are far less likely to show developmental problems than full mutation babies, some are at risk for
learning problems, ASD, or seizures, and early intervention will be important to implement if developmental
problems emerge in follow-up [5,9,70,71].
On the negative side of identifying FMR1 premutation
carriers at the time of birth is that the family is told of
possible future problems related to the premutation
that may or may not develop, including FXTAS, and this
may cause excessive worries for the family, especially
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since the certainty of problems will be unknown. Many
families may not want to know about carrier status, and a
robust consent process is needed to assure that families
understand the kind of information that could be learned
from FX screening. The high rate of carrier detection
makes clear the burden that screening would place on
genetic counseling.
The identification of a newborn with the premutation
or the full mutation can create the need for cascade
testing throughout the family. Some family members
will be interested in knowing if they are carriers, especially if they have medical problems that may relate to
premutation involvement. These types of problems
include depression, anxiety [12,78,79], autoimmune problems, such as fibromyalgia or hypothyroidism [8,11],
hypertension [80], sleep apnea [10], neuropathy, FXPOI
and FXTAS. In our study, the largest family so far identified through cascade testing after the newborn was
identified as a carrier had 16 additional carriers identified, including a great grandmother with probable
FXTAS [77], several great aunts with neurological problems, others with emotional difficulties and female carriers with significant needs for reproductive counseling.
Although it is unclear whether all of these problems are
a direct result of the premutation alone, it is clear that
there is a need to test extended family members in relation to premutation and full mutation disorders. However, the time and energy of the counseling and health
care professionals for cascade testing of identified
families may be a limiting factor on how many individuals in one family tree can be identified.

Conclusions
This study demonstrates that newborn screening is technically feasible, and advances our understanding of the
overall prevalence of the premutation and gray zone
alleles in the USA and their prevalence in different ethnic
groups. It also suggests that the prevalence of the premutation in both males and females is higher than was
found in a previous large study in North America [29]. In
addition, this study provides the expected approximately
2:1 ratio of female to male carriers [31]. Clearly, newborn
screening using a methodology that detects CGG repeats
will result in the identification of many more premutation than full mutation babies. Before newborn screening
for fragile X mutations is expanded nationally, further
work is needed to understand the impact that identification of the premutation has on families; the developmental trajectories of children with the premutation; the
possible need for a robust consent process; and ultimately whether the nation’s public health system has the
capacity to address the counseling and educational needs
that inevitably will arise.

Page 10 of 13

Abbreviations
ADHD: attention deficit-hyperactivity disorder; ASD: autism spectrum
disorder; CE: Capillary Electrophoresis; CI: confidence interval; FXPOI: fragile
X-associated primary ovarian insufficiency; FXS: fragile X syndrome; FXTAS:
fragile X-associated tremor ataxia syndrome; IRB: institutional review board;
RUMC: Rush University Medical Center; SD: standard deviation; UCDMC: UC
Davis Medical Center; UNC: University of North Carolina; UTR: untranslated
region.
Authors’ contributions
TF designed the study, drafted the manuscript and participated in the data
analysis and interpretation of the results. IKP, TT, LJ and LJ carried out the
molecular screening. GLW helped with the recruitment and data analysis. BKE drafted the manuscript and participated to the data analysis and
interpretation of the results. DVN and MY performed the statistical analysis
and interpretation of the result, contributed to drafting the manuscript, and
managed data quality and analysis. BDB drafted the manuscript and
participated in the data analysis. RJH drafted the manuscript and
participated in the data analysis and interpretation of the results. All authors
read and approved the final manuscript.
Competing interests
RJH has received funding to carry out treatment trials in fragile X syndrome
or autism from Roche, Novartis, Seaside Therapeutics, Forest, and Curemark.
She has also consulted with Roche and Novartis regarding targeted
treatments in fragile X syndrome. The remaining authors have no
competing interests to declare.
Acknowledgements
This work was supported by NICHD grant HD02274 and ARRA suppl. 3P30HD002274-42S2 (FT, EB-K) and grant UL1 TR000002 from the National Center
for Advancing Translational Sciences (DVN). Partial support was also
provided by the Eunice Kennedy Shriver National Institute for Child Health
and Human Development (P30 HD003110-S1) and the Centers for Disease
Control in conjunction with the Association for Prevention Teaching and
Research (APTR) (Cooperative Agreement No. U50/CCU300860, Project TS1470). This work is dedicated to the memory of Matteo.
Author details
1
Department of Biochemistry and Molecular Medicine, UC Davis,
Sacramento, CA 95817, USA. 2MIND Institute, UC Davis Medical Center,
Sacramento, CA 95817, USA. 3Department of Pediatrics, Neurological
Sciences, and Biochemistry, Rush University Medical Center, Chicago, IL
60612, USA. 4Division of Biostatistics, UC Davis, Davis, CA 95616, USA.
5
Department of Pediatrics, University of Wisconsin, Madison, WI 53706, USA.
6
RTI International, Research Triangle Park, NC 27709, USA. 7Department of
Pediatrics, UC Davis, Sacramento, CA 95817, USA.
Received: 24 August 2012 Revised: 19 November 2012
Accepted: 21 December 2012 Published: 21 December 2012
References
1. Maddalena A, Richards CS, McGinniss MJ, Brothman A, Desnick RJ, Grier RE,
Hirsch B, Jacky P, McDowell GA, Popovich B, Watson M, Wolff DJ: Technical
standards and guidelines for fragile X: the first of a series of diseasespecific supplements to the Standards and Guidelines for Clinical
Genetics Laboratories of the American College of Medical Genetics.
Quality Assurance Subcommittee of the Laboratory Practice Committee.
Genet Med 2001, 3:200-205.
2. McDuffie A, Abbeduto L, Lewis P, Kover S, Kim JS, Weber A, Brown WT:
Autism spectrum disorder in children and adolescents with fragile X
syndrome: within-syndrome differences and age-related changes. Am J
Intellect Dev Disabil 2010, 115:307-326.
3. Cordeiro L, Ballinger E, Hagerman R, Hessl D: Clinical assessment of DSMIV anxiety disorders in fragile X syndrome: prevalence and
characterization. J Neurodev Disord 2011, 3:57-67.
4. Roberts JE, Hatton DD, Long AC, Anello V, Colombo J: Visual attention and
autistic behavior in infants with fragile X syndrome. J Autism Dev Disord
2012, 42:937-946.
5. Chonchaiya W, Au J, Schneider A, Hessl D, Harris SW, Laird M, Mu Y,
Tassone F, Nguyen DV, Hagerman RJ: Increased prevalence of seizures in

Tassone et al. Genome Medicine 2012, 4:100
http://genomemedicine.com/content/4/12/100

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

boys who were probands with the FMR1 premutation and co-morbid
autism spectrum disorder. Hum Genet 2012, 131:581-589.
Chonchaiya W, Tassone F, Ashwood P, Hessl D, Schneider A, Campos L,
Nguyen DV, Hagerman RJ: Autoimmune disease in mothers with the
FMR1 premutation is associated with seizures in their children with
fragile X syndrome. Hum Genet 2010, 128:539-548.
Clifford S, Dissanayake C, Bui QM, Huggins R, Taylor AK, Loesch DZ: Autism
spectrum phenotype in males and females with fragile X full mutation
and premutation. J Autism Dev Disord 2007, 37:738-747.
Coffey SM, Cook K, Tartaglia N, Tassone F, Nguyen DV, Pan R, Bronsky HE,
Yuhas J, Borodyanskaya M, Grigsby J, Doerflinger M, Hagerman PJ,
Hagerman RJ: Expanded clinical phenotype of women with the FMR1
premutation. Am J Med Genet A 2008, , 146A:: 1009-1016.
Farzin F, Perry H, Hessl D, Loesch D, Cohen J, Bacalman S, Gane L,
Tassone F, Hagerman P, Hagerman R: Autism spectrum disorders and
attention-deficit/hyperactivity disorder in boys with the fragile X
premutation. J Dev Behav Pediatr 2006, 27:S137-144.
Hamlin A, Liu Y, Nguyen DV, Tassone F, Zhang L, Hagerman RJ: Sleep
apnea in fragile X premutation carriers with and without FXTAS. Am J
Med Genet B Neuropsychiatr Genet 2011, , 156B:: 923-928.
Leehey MA, Legg W, Tassone F, Hagerman R: Fibromyalgia in fragile X
mental retardation 1 gene premutation carriers. Rheumatology (Oxford)
2011, 50:2233-2236.
Roberts JE, Bailey DB Jr, Mankowski J, Ford A, Sideris J, Weisenfeld LA,
Heath TM, Golden RN: Mood and anxiety disorders in females with the
FMR1 premutation. Am J Med Genet B Neuropsychiatr Genet 2009, , 150B::
130-139.
Sullivan AK, Marcus M, Epstein MP, Allen EG, Anido AE, Paquin JJ, YadavShah M, Sherman SL: Association of FMR1 repeat size with ovarian
dysfunction. Hum Reprod 2005, 20:402-412.
Cronister A, Schreiner R, Wittenberger M, Amiri K, Harris K, Hagerman RJ:
Heterozygous fragile X female: historical, physical, cognitive, and
cytogenetic features. Am J Med Genet 1991, 38:269-274.
Hagerman RJ, Leavitt BR, Farzin F, Jacquemont S, Greco CM, Brunberg JA,
Tassone F, Hessl D, Harris SW, Zhang L, Jardini T, Gane LW, Ferranti J, Ruiz L,
Leehey MA, Grigsby J, Hagerman PJ: Fragile-X-associated tremor/ataxia
syndrome (FXTAS) in females with the FMR1 premutation. Am J Hum
Genet 2004, 74:1051-1056.
Jacquemont S, Hagerman RJ, Leehey MA, Hall DA, Levine RA, Brunberg JA,
Zhang L, Jardini T, Gane LW, Harris SW, Herman K, Grigsby J, Greco CM,
Berry-Kravis E, Tassone F, Hagerman PJ: Penetrance of the fragile Xassociated tremor/ataxia syndrome in a premutation carrier population.
JAMA 2004, 291:460-469.
Rodriguez-Revenga L, Madrigal I, Pagonabarraga J, Xuncla M, Badenas C,
Kulisevsky J, Gomez B, Mila M: Penetrance of FMR1 premutation
associated pathologies in fragile X syndrome families. Eur J Hum Genet
2009, 17:1359-1362.
Bodega B, Bione S, Dalpra L, Toniolo D, Ornaghi F, Vegetti W, Ginelli E,
Marozzi A: Influence of intermediate and uninterrupted FMR1 CGG
expansions in premature ovarian failure manifestation. Hum Reprod 2006,
21:952-957.
Bretherick KL, Fluker MR, Robinson WP: FMR1 repeat sizes in the gray
zone and high end of the normal range are associated with premature
ovarian failure. Hum Genet 2005, 117:376-382.
Hall D, Tassone F, Klepitskaya O, Leehey M: Fragile X-associated tremor
ataxia syndrome in FMR1 gray zone allele carriers. Mov Disord 2012,
27:296-300.
Nolin SL, Sah S, Glicksman A, Allen E, Berry-Kravis E, Tassone F, Yrigollen C,
Cronister A, Jodah M, Ersalesi N, Dobkin C, Brown WT, Shroff R, Latham GJ,
Hadd AG: Fragile X AGG analysis provides new risk predictions for 45-69
repeat alleles...
Coffee B: Commentary on population screening for fragile X syndrome.
Genet Med 2010, 12:411-412.
Coffee B, Keith K, Albizua I, Malone T, Mowrey J, Sherman SL, Warren ST:
Incidence of fragile X syndrome by newborn screening for methylated
FMR1 DNA. Am J Hum Genet 2009, 85:503-514.
Crawford DC, Meadows KL, Newman JL, Taft LF, Scott E, Leslie M, Shubek L,
Holmgreen P, Yeargin-Allsopp M, Boyle C, Sherman SL: Prevalence of the
fragile X syndrome in African-Americans. Am J Med Genet 2002,
110:226-233.

Page 11 of 13

25. Morton JE, Bundey S, Webb TP, MacDonald F, Rindl PM, Bullock S: Fragile X
syndrome is less common than previously estimated. J Med Genet 1997,
34:1-5.
26. Pesso R, Berkenstadt M, Cuckle H, Gak E, Peleg L, Frydman M, Barkai G:
Screening for fragile X syndrome in women of reproductive age.
Prenatal Diagnosis 2000, 20:611-614.
27. Song FJ, Barton P, Sleightholme V, Yao GL, Fry-Smith A: Screening for
fragile X syndrome: a literature review and modelling study. Health
Technol Assess 2003, 7:1-106.
28. Turner G, Webb T, Wake S, Robinson H: Prevalence of fragile X syndrome.
Am J Med Genet 1996, 64:196-197.
29. Dombrowski C, Levesque ML, Morel ML, Rouillard P, Morgan K, Rousseau F:
Premutation and intermediate-size FMR1 alleles in 10 572 males from
the general population: loss of an AGG interruption is a late event in
the generation of fragile X syndrome alleles. Hum Mol Genet 2002,
11:371-378.
30. Fernandez-Carvajal I, Walichiewicz P, Xiaosen X, Pan R, Hagerman PJ,
Tassone F: Screening for expanded alleles of the FMR1 gene in blood
spots from newborn males in a Spanish population. J Mol Diagn 2009,
11:324-329.
31. Hagerman PJ: The fragile X prevalence paradox. J Med Genet 2008,
45:498-499.
32. Hantash FM, Goos DM, Crossley B, Anderson B, Zhang K, Sun W, Strom CM:
FMR1 premutation carrier frequency in patients undergoing routine
population-based carrier screening: insights into the prevalence of
fragile X syndrome, fragile X-associated tremor/ataxia syndrome, and
fragile X-associated primary ovarian insufficiency in the United States.
Genet Med 2011, 13:39-45.
33. Cronister A, DiMaio M, Mahoney MJ, Donnenfeld AE, Hallam S: Fragile X
syndrome carrier screening in the prenatal genetic counseling setting.
Genet Med 2005, 7:246-250.
34. Levesque S, Dombrowski C, Morel ML, Rehel R, Cote JS, Bussieres J,
Morgan K, Rousseau F: Screening and instability of FMR1 alleles in a
prospective sample of 24,449 mother-newborn pairs from the general
population. Clin Genet 2009, 76:511-523.
35. Ryynanen M, Heinonen S, Makkonen M, Kajanoja E, Mannermaa A, Pertti K:
Feasibility and acceptance of screening for fragile X mutations in lowrisk pregnancies. Eur J Hum Genet 1999, 7:212-216.
36. Tzeng CC, Tsai LP, Hwu WL, Lin SJ, Chao MC, Jong YJ, Chu SY, Chao WC,
Lu CL: Prevalence of the FMR1 mutation in Taiwan assessed by largescale screening of newborn boys and analysis of DXS548-FRAXAC1
haplotype. Am J Med Genet A 2005, 133:37-43.
37. Chow JC, Chen DJ, Lin CN, Chiu CY, Huang CB, Chiu PC, Lin CH, Lin SJ,
Tzeng CC: Feasibility of blood spot PCR in large-scale screening of fragile
X syndrome in southern Taiwan. J Formos Med Assoc 2003, 102:12-16.
38. Otsuka S, Sakamoto Y, Siomi H, Itakura M, Yamamoto K, Matumoto H,
Sasaki T, Kato N, Nanba E: Fragile X carrier screening and FMR1 allele
distribution in the Japanese population. Brain Dev 2010, 32:110-114.
39. Berkenstadt M, Ries-Levavi L, Cuckle H, Peleg L, Barkai G: Preconceptional
and prenatal screening for fragile X syndrome: Experience with 40 000
tests. Prenat Diagn 2007, 27:991-994.
40. Drasinover V, Ehrlich S, Magal N, Taub E, Libman V, Shohat T, Halpern GJ,
Shohat M: Increased transmission of intermediate alleles of the FMR1
gene compared with normal alleles among female heterozygotes. Am J
Med Genet 2000, 93:155-157.
41. Toledano-Alhadef H, Basel-Vanagaite L, Magal N, Davidov B, Ehrlich S,
Drasinover V, Taub E, Halpern GJ, Ginott N, Shohat M: Fragile-X carrier
screening and the prevalence of premutation and full-mutation carriers
in Israel. Am J Hum Genet 2001, 69:351-360.
42. Rousseau F, Rouillard P, Morel ML, Khandjian EW, Morgan K: Prevalence of
carriers of premutation-size alleles of the FMRI gene–and implications
for the population genetics of the fragile X syndrome. Am J Hum Genet
1995, 57:1006-1018.
43. Saul RA, Friez M, Eaves K, Stapleton GA, Collins JS, Schwartz CE,
Stevenson RE: Fragile X syndrome detection in newborns-pilot study.
Genet Med 2008, 10:714-719.
44. Sherman SL, Marsteller F, Abramowitz AJ, Scott E, Leslie M, Bregman J:
Cognitive and behavioral performance among FMR1 high-repeat allele
carriers surveyed from special education classes. Am J Med Genet 2002,
114:458-465.

Tassone et al. Genome Medicine 2012, 4:100
http://genomemedicine.com/content/4/12/100

45. Filipovic-Sadic S, Sah S, Chen L, Krosting J, Sekinger E, Zhang W,
Hagerman PJ, Stenzel TT, Hadd A, Latham GJ, Tassone F: A novel FMR1
PCR method for the routine detection of low-abundance expanded
alleles and full mutations in fragile X syndrome. Clin Chem 2010,
56:399-408.
46. Godler DE, Tassone F, Loesch DZ, Taylor AK, Gehling F, Hagerman RJ,
Burgess T, Ganesamoorthy D, Hennerich D, Gordon L, Evans A, Choo KH,
Slater HR: Methylation of novel markers of fragile X alleles is inversely
correlated with FMRP expression and FMR1 activation ratio. Hum Mol
Genet 2010, 19:1618-1632.
47. Hantash FM, Goos DG, Tsao D, Quan F, Buller-Burckle A, Peng M, Jarvis M,
Sun W, Strom CM: Qualitative assessment of FMR1 (CGG)n triplet repeat
status in normal, intermediate, premutation, full mutation, and mosaic
carriers in both sexes: implications for fragile X syndrome carrier and
newborn screening. Genet Med 2010, 12:162-173.
48. Lyon E, Laver T, Yu P, Jama M, Young K, Zoccoli M, Marlowe N: A simple,
high-throughput assay for Fragile X expanded alleles using triple repeat
primed PCR and capillary electrophoresis. J Mol Diagn 2010, 12:505-511.
49. Strom CM, Huang D, Li Y, Hantash FM, Rooke J, Potts SJ, Sun W:
Development of a novel, accurate, automated, rapid, high-throughput
technique suitable for population-based carrier screening for Fragile X
syndrome. Genet Med 2007, 9:199-207.
50. Tassone F, Pan R, Amiri K, Taylor AK, Hagerman PJ: A rapid polymerase
chain reaction-based screening method for identification of all
expanded alleles of the fragile X (FMR1) gene in newborn and high-risk
populations. J Mol Diagn 2008, 10:43-49.
51. Rife M, Badenas C, Mallolas J, Jimenez L, Cervera R, Maya A, Glover G,
Rivera F, Mila M: Incidence of fragile X in 5,000 consecutive newborn
males. Genet Test 2003, 7:339-343.
52. Hall DA, Berry-Kravis E, Zhang W, Tassone F, Spector E, Zerbe G,
Hagerman PJ, Ouyang B, Leehey MA: FMR1 gray-zone alleles: association
with Parkinson’s disease in women?. Mov Disord 2011, 26:1900-1906.
53. Loesch DZ, Bui QM, Huggins RM, Mitchell RJ, Hagerman RJ, Tassone F:
Transcript levels of the intermediate size or grey zone fragile X mental
retardation 1 alleles are raised, and correlate with the number of CGG
repeats. J Med Genet 2007, 44:200-204.
54. Skinner D, Choudhury S, Sideris J, Guarda S, Buansi A, Roche M, Powell C,
Bailey DB Jr: Parents’ decisions to screen newborns for FMR1 gene
expansions in a pilot research project. Pediatrics 2011, 127:e1455-1463.
55. Chen L, Hadd A, Sah S, Filipovic-Sadic S, Krosting J, Sekinger E, Pan R,
Hagerman PJ, Stenzel TT, Tassone F, Latham GJ: An information-rich CGG
repeat primed PCR that detects the full range of fragile X expanded
alleles and minimizes the need for southern blot analysis. J Mol Diagn
2010, 12:589-600.
56. Guthrie R: Screening for “inborn errors of metabolism” in the newborn
infant – a multiple test program. Birth Defects 1968, 4:92-98.
57. Guthrie R, Susi A: A simple phenylalanine method for detecting
phenylketonuria in large populations of newborn infants. Pediatrics 1963,
32:338-343.
58. Frankenburg WK: Selection of diseases and tests in pediatric screening.
Pediatrics 1974, 54:612-616.
59. Watson MS, Lloyd-Puryear MA, Mann MY, Rinaldo P, Howell RR: Newborn
screening: Toward a uniform screening panel and system. Genet Med
2006, 8:12S-252S.
60. Berry-Kravis EM, Hessl D, Coffey S, Hervey C, Schneider A, Yuhas J,
Hutchison J, Snape M, Tranfaglia M, Nguyen DV, Hagerman R: A pilot
open-label single-dose trial of fenobam in adults with fragile X
syndrome. J Med Genet 2009, 46:266-271.
61. Hagerman R, Lauterborn J, Au J, Berry-Kravis E: Fragile X syndrome and
targeted treatment trials. Results Probl Cell Differ 2012, 54:297-335.
62. Jacquemont S, Curie A, des Portes V, Torrioli MG, Berry-Kravis E,
Hagerman RJ, Ramos FJ, Cornish K, He Y, Paulding C, Neri G, Chen F,
Hadjikhani N, Martinet D, Meyer J, Beckmann JS, Delange K, Brun A,
Bussy G, Gasparini F, Hilse T, Floesser A, Branson J, Bilbe G, Johns D,
Gomez-Mancilla B: Epigenetic modification of the FMR1 gene in fragile X
syndrome is associated with differential response to the mGluR5
antagonist AFQ056. Sci Transl Med 2011, 3:64ra61.
63. Berry-Kravis EM, Hessl D, Rathmell B, Zarevics P, Cherubini M, WaltonBowen K, Mu Y, Nguyen DV, Gonzalez-Heydrich J, Wang PP, Carpenter RL,
Bear MF, Hagerman RJ: Effects of STX209 (Arbaclofen) on
neurobehavioral function in children and adults with fragile X

Page 12 of 13

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

syndrome: a randomized, controlled, phase 2 trial. Sci Transl Med 2012,
4:152ra127.
Paribello C, Tao L, Folino A, Berry-Kravis E, Tranfaglia M, Ethell IM, Ethell DW:
Open-label add-on treatment trial of minocycline in fragile X syndrome.
BMC Neurol 2010, 10:91.
Winarni TI, Schneider A, Borodyanskara M, Hagerman RJ: Early intervention
combined with targeted treatment promotes cognitive and behavioral
improvements in young children with fragile X syndrome. Case Rep
Genet 2012, 2012:280813.
Allingham-Hawkins DJ, Babul-Hirji R, Chitayat D, Holden JJ, Yang KT, Lee C,
Hudson R, Gorwill H, Nolin SL, Glicksman A, Jenkins EC, Brown WT, HowardPeebles PN, Becchi C, Cummings E, Fallon L, Seitz S, Black SH, ViannaMorgante AM, Costa SS, Otto PA, Mingroni-Netto RC, Murray A, Webb J,
Vieri F, et al: Fragile X premutation is a significant risk factor for
premature ovarian failure: the International Collaborative POF in Fragile
X study–preliminary data. Am J Med Genet 1999, 83:322-325.
Hagerman RJ, Leehey M, Heinrichs W, Tassone F, Wilson R, Hills J, Grigsby J,
Gage B, Hagerman PJ: Intention tremor, parkinsonism, and generalized
brain atrophy in male carriers of fragile X. Neurology 2001, 57:127-130.
Jacquemont S, Hagerman RJ, Leehey M, Grigsby J, Zhang L, Brunberg JA,
Greco C, Des Portes V, Jardini T, Levine R, Berry-Kravis E, Brown WT,
Schaeffer S, Kissel J, Tassone F, Hagerman PJ: Fragile X premutation
tremor/ataxia syndrome: molecular, clinical, and neuroimaging
correlates. Am J Hum Genet 2003, 72:869-878.
Tassone F, Berry-Kravis EM: The Fragile X-Associated Tremor Ataxia Syndrome
(FXTAS). 1 edition. New York: Springer; 2010.
Bailey DB Jr, Raspa M, Olmsted M, Holiday DB: Co-occurring conditions
associated with FMR1 gene variations: findings from a national parent
survey. Am J Med Genet 2008, , 146A:: 2060-2069.
Chonchaiya W, Utari A, Pereira GM, Tassone F, Hessl D, Hagerman RJ: Broad
clinical involvement in a family affected by the fragile X premutation.
J Dev Behav Pediatr 2009, 30:544-551.
Loesch DZ, Khaniani MS, Slater HR, Rubio JP, Bui QM, Kotschet K,
D’Souza W, Venn A, Kalitsis P, Choo AK, Burgess T, Johnson L, Evans A,
Horne M: Small CGG repeat expansion alleles of FMR1 gene are
associated with parkinsonism. Clin Genet 2009, 76:471-476.
Liu Y, Winarni T, Zhang L, Tassone F, Hagerman R: Fragile X-associated
tremor/ataxia syndrome (FXTAS) in grey zone carriers. Clin Genet 2012.
Seltzer MM, Baker MW, Hong J, Maenner M, Greenberg J, Mandel D:
Prevalence of CGG expansions of the FMR1 gene in a US populationbased sample. Am J Med Genet B Neuropsychiatr Genet 2012, 159:589-597.
Jacquemont S, Hagerman RJ, Hagerman PJ, Leehey MA: Fragile-X
syndrome and fragile X-associated tremor/ataxia syndrome: two faces of
FMR1. Lancet Neurol 2007, 6:45-55.
Jacquemont S, Leehey MA, Hagerman RJ, Beckett LA, Hagerman PJ: Size
bias of fragile X premutation alleles in late-onset movement disorders.
J Med Genet 2006, 43:804-809.
Sorenson PL, Gane L, Yarborough M, Hagerman RJ, Tassone F: Newborn
screening and cascade testing for FMR1 mutations. Am J Med Genet
2013, , 161A:: 59-69.
Rodriguez-Revenga L, Madrigal I, Alegret M, Santos M, Mila M: Evidence of
depressive symptoms in fragile-X syndrome premutated females.
Psychiatr Genet 2008, 18:153-155.
Bourgeois JA, Seritan AL, Casillas EM, Hessl D, Schneider A, Yang Y, Kaur I,
Cogswell JB, Nguyen DV, Hagerman RJ: Lifetime prevalence of mood and
anxiety disorders in fragile X premutation carriers. J Clin Psychiatry 2010,
72:175-182.
Hamlin AA, Sukharev D, Campos L, Mu Y, Tassone F, Hessl D, Nguyen DV,
Loesch D, Hagerman RJ: Hypertension in FMR1 premutation males with
and without fragile X-associated tremor/ataxia syndrome (FXTAS). Am J
Med Genet A 2012, , 158A:: 1304-1309.
Spence WC, Black SH, Fallon L, Maddalena A, Cummings E, Menapace-Drew G,
Bick DP, Levinson G, Schulman JD, Howard-Peebles PN: Molecular fragile X
screening in normal populations. Am J Med Genet 1996, 64:181-183.
Geva E, Yaron Y, Shomrat R, Ben-Yehuda A, Zabari S, Peretz H, Naiman T,
Yeger H, Orr-Urtreger A: The risk of fragile X premutation expansion is
lower in carriers detected by general prenatal screening than in carriers
from known fragile X families. Genet Test 2000, 4:289-292.
Youings SA, Murray A, Dennis N, Ennis S, Lewis C, McKechnie N, Pound M,
Sharrock A, Jacobs P: FRAXA and FRAXE: the results of a five year survey.
J Med Genet 2000, 37:415-421.

Tassone et al. Genome Medicine 2012, 4:100
http://genomemedicine.com/content/4/12/100

Page 13 of 13

84. Kallinen J, Marin K, Heinonen S, Mannermaa A, Palotie A, Ryynanen M: Wide
scope prenatal diagnosis at Kuopio University Hospital 1997-1998:
integration of gene tests and fetal karyotyping. BJOG 2001, 108:505-509.
85. Huang KF, Chen WY, Tsai YC, Lin CC, Chen SH, Tseng CY, Tzeng CC:
Original article pilot screening for fragile X carrier in pregnant women
of southern Taiwan. J Chin Med Assoc 2003, 66:204-209.
86. Metcalfe S, Jacques A, Archibald A, Burgess T, Collins V, Henry A,
McNamee K, Sheffield L, Slater H, Wake S, Cohen J: A model for offering
carrier screening for fragile X syndrome to non pregnant women: results
from a pilot study. Genet Med 2008, 10:525-535.
87. Dawson AJ, Chodirker BN, Chudley AE: Frequency of FMR1 premutations
in a consecutive newborn population by PCR screening of Guthrie
blood spots. Biochem Mol Med 1995, 56:63-69.
doi:
Cite this article as: Tassone et al.: FMR1 CGG allele size and prevalence
ascertained through newborn screening in the United States. Genome
Medicine 2012 4:100.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color figure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

