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The diagnosis and study of the fragile Xerelated disorders is complicated by the difficulty of amplifying
the long CGG/CCG-repeat tracts that are responsible for disease pathology, the potential presence of
AGG interruptions within the repeat tract that can ameliorate expansion risk, the occurrence of variable
DNA methylation that modulates disease severity, and the high frequency of mosaicism for both repeat
number and methylation status. These factors complicate patient risk assessment. In addition, the
variability in these parameters that is seen when patient cells are grown in culture requires their
frequent monitoring to ensure reproducible results in a research setting. Many existing assays have the
limited ability to amplify long alleles, particularly in a mixture of different allele sizes. Others are better
at this, but are too expensive for routine use in most laboratories or for newborn screening
programs and use reagents that are proprietary. We describe herein a set of assays to routinely evaluate
all of these important parameters in a time- and cost-effective way. (J Mol Diagn 2016, 18: 762e774;
http://dx.doi.org/10.1016/j.jmoldx.2016.06.001)
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The fragile Xerelated disorders are diseases resulting from
the expansion of a CGG/CCG-repeat tract in the 50 un-
translated region of the FMR1 gene (Mendelian Inheritance
in Man no. 309550).1 These disorders include fragile
Xeassociated primary ovarian insufficiency and fragile
Xeassociated tremor/ataxia syndrome (Mendelian Inheri-
tance in Man no. 300623) that are seen in carriers of alleles
with 55 to 200 repeats, so-called premutation (PM) alleles.
Fragile X syndrome (Mendelian Inheritance in Man no.
300624), the most common heritable cause of intellectual
disability, is seen in carriers of full mutation (FM) alleles,
alleles that have >200 repeats. The differences in pathology
seen in carriers of FM and PM alleles stem from the fact that
fragile Xeassociated tremor/ataxia syndrome and fragile
Xeassociated primary ovarian insufficiency arise from some
as yet unresolved deleterious consequence of the expression
merican Society for Investigative Pathology an
of FMR1 transcripts with large repeat numbers, whereas
fragile X syndrome results from repeat-mediated gene
silencing. However, the situation is complicated because the
repeat tract is unstable, undergoing expansions and con-
tractions in both the germline and somatic cells. Thus, pa-
tients can be mosaic for a combination of FM and PM
alleles. Furthermore, the extent of gene silencing may vary,
with even some PM carriers showing significant methylation
of their FMR1 allele.2 In addition, many alleles contain one
d the Association for Molecular Pathology.
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Table 1 FMR1 Allele Characterization

Sample ID Sex Repeat no.* % Methylation AGGs

GM06897 M 240-570 (Smear) 5 Y
GM09145 M 660 97 N
GM04025 M 645 110/77y N
GM03200 M 570 112 N
GM09237 M 940 111 N
GM07294 M 745 94 N
C10700 M 350, 780, 1075 89 Y
C10259 M 930 102 Y
SC128 M 210 98 N
FX-1 M 218, 340, 410, 510 57 N
FX-2 M 240, 250, 410 75 Y
FX-3 M 202, 310, 360, 490,

560, 750
102 N

FX-4 M 164, 177, FM smear 43 N
WCMC37 M 410, 510 85 N
MC37Bz M 100, 185, 330, 410, 510 110 N
F20729 M 285, >400 106 Y
F23856 F 30, >200 53 Y, Y
F23690 F 31, 240, 250, 310 63 Y, Y
F10149 M 94 3 Y
F15608 M 101 9 Y
F006 F 29, 92 55 Y, Y
HT-51Ex F 29, 92 47 Y, Y
SC120 M 97 4 N
A8018{ F 30, 30 55 Y, Y
A8020{ M 52 1 Y
A7306 F 30, 52 64 Y, Y
F23297 F 23, 31 50 Y, Y
F23656 F 24, 30 63 Y, Y
SB5 F 30, 30 48 Y, Y
H1 M 31 6 Y
GM06865 M 30 5 Y

*All full mutation allele sizes are approximate because of the limits of
resolution of agarose gels and capillary gel electrophoresis.

yThe different methylation percentages reflect the extent of methylation
in untreated cells versus cells treated with 5-azadeoxycytidine.

zSubclone of WCMC37 embryonic stem cell line.
xHT-51E is an induced pluripotent stem cell line derived from F006

fibroblasts.
{A8018 and A8020 are the mother and father of the A7306 daughter.
F, female; M, male; FM, full mutation; N, no AGG interruptions; Y, at least

one interruption in each allele.
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or more AGG interruptions at the 50 end of the repeat tract
that significantly affect expansion risk.3e7

Knowing the total number of repeats, the number of AGG
interruptions, and themethylation status of theFMR1 gene are
thus important for a proper understanding of an individual’s
risk of transmission of larger alleles to their offspring and to
their personal risk of disease pathology. It is also important for
laboratory studies because these parameters are expected to
affect many cellular properties, such as cell viability and gene
expression. We have previously demonstrated that the CGG/
CCG-repeats can be unstable in tissue culture, in one case
changing over time from having a single PM allele to having
multiple larger alleles that extended into the full mutation
range.8 Given the increased use of tissue culture models for
studying repeat instability and disease pathology and the
development of cell-based assays for high-throughput
screening for therapeutics,9e11 the careful monitoring of
cells in culture is essential. However, Southern blotting re-
quires large amounts of DNA, is time consuming, is relatively
insensitive, and only allows limited resolution of CGG/CCG-
repeat sizes. PCR-based diagnostic strategies are complicated
by the fact the individual strands of the CGG/CCG-repeats
form secondary structures, some of which are stable, partic-
ularly when methylated.12e16 This makes PCR through the
repeats relatively inefficient, resulting in diminishing yields
of larger alleles. This can cause the extent of mosaicism in the
culture to be underestimated and larger alleles to go
undetected.

Several commercial kits are currently available for the
PCR-based detection of FMR1 alleles in patient cells.17

However, their expense limits their routine use in a
research setting, and they each have some methodological
limitations. The compositions of their reagents are also
proprietary. Several other assays have been proposed, but
many are limited either in terms of the information they
provide or by virtue of their use of specialized equipment or
technologies not commonly available in basic research
laboratories.18e23 We describe herein a set of assays for the
accurate determination of the repeat size, the number of
AGG-interruptions, and the extent of methylation of most
PM and FM alleles that is both robust and inexpensive
enough for routine research use and has the potential to be
optimized for use in a clinical setting as well.

Materials and Methods

Cell Lines/DNA

The cell lines and DNAs used in this study are listed in
Table 1. The lymphoblastoid cell lines GM06897 and
GM04025 were obtained from the Coriell Institute for
Medical Research (Camden, NY). C10700 and C10259 FM
fibroblasts were provided by Carl Dobkin (Institute for
Basic Research in Developmental Disabilities, Staten Island,
NY), the SC120 PM and SC128 FM induced pluripotent
stem cell lines were provided by Phil Schwartz (CHOC
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Research Institute, Orange, CA), the F006 PM fibroblasts
were from Deborah Hall and Elizabeth Berry-Kravis (Rush
University Medical Center, Chicago, IL), the SB5 normal
female fibroblast line was from Kenneth Fischbeck (Na-
tional Institutes of Neurological Diseases and Stroke,
Bethesda, MD), and the H1 normal embryonic stem cell line
was from Barbara Mallon (NIH Stem Cell Unit, NIH,
Bethesda, MD). The HT-51E cell line is an induced
pluripotent stem cell line derived from F006 PM fibroblasts
in our laboratory. The FX-1, FX-2, FX-3, and FX-4 blood
and saliva samples were obtained from Carolyn Smith
(National Institute of Mental Health, Bethesda, MD). The
DNA samples F10149, F15608, F23656, F23297, F23690,
F23856, and F20729, obtained from blood, were provided
763
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by Sally Nolin (Institute for Basic Research in Develop-
mental Disabilities), and the A8018, A8020, and A7306
DNA samples, obtained from blood, were provided by
Ariane Soldatos (Undiagnosed Diseases Program, NIH,
Bethesda, MD). The NA09237 DNA from the lympho-
blastoid cells from a FM carrier, GM09237, was obtained
from Coriell Institute for Medical Research. The fragile X
syndrome embryonic stem cells, WCMC37, were obtained
from Nikica Zaninovic (Weill Cornell Medical College of
Cornell University, New York, NY). The MC37B subclone
was derived from this cell line by isolating and expanding
individual colonies. The repeat size for previously unde-
scribed cell lines was verified by Southern blotting and PCR
using the Asuragen kit by an independent laboratory (Carl
Dobkin). The primers used in this study were obtained from
Life Technologies (Grand Island, NY) and are listed in
Table 2. Genomic DNA from cell lines was prepared using
standard procedures. Genomic DNA from human saliva was
collected in an OGR-500 (Oragene, DNA Genotek, Kanata,
ON, Canada) and purified using the prepIT-L2P reagent
(DNA Genotek), as instructed by the manufacturer. DNA
quantification was performed on a Denovix DS-11 spec-
trophotometer (Denovix, Wilmington, DE).

FMR1 Allele Assays

These assays are all PCR based. The primers used for these
assays are listed in Table 2.

Repeat Number Assay (RPT-PCR)
Genomic DNA was predigested with HindIII, which is not
methylation sensitive and does not cut within the PCR
amplicon. The resultant smaller genomic DNA fragments
are more efficiently denatured in the PCR. DNA (600 ng)
was made to a final volume of 45 mL of a solution con-
taining 50 mmol/L Tris-HCl (pH 8.9), 1.5 mmol/L MgCl2,
22 mmol/L (NH4)2SO4, 0.2% Triton X-100, and 1 mL of
FastDigest-HindIII (Life Technologies, Carlsbad, CA). A
PCR master mix was made up containing 50 mmol/L
Table 2 DNA Sequences

Primer/fragment Sequence

Not_FraxC 50-AGTTCAGCG
Not_FraxR4 50-CAAGTCGCG
Fmr1_CCG5 50-AGCGTCTAC
Fmr1_CGG5 50-AGCGTCTAC
FMR1 exon 1 (forward) 50-GAACAGCGT
FMR1 exon 1 (reverse) 50-GTGAAACCG
GAPDH exon1 (forward) 50-TCGACAGTC
GAPDH intron1 (reverse) 50-CTAGCCTCC
Internal methylation control fragment 1 GCTCAGCTCC

51 AACGGCGAA
101 CATCACGG
151 GCGACGGC
201 GGCGGCCA

Sequences in bold are not homologous to the FMR1 gene. The primer sequences
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Tris-HCl (pH 8.9), 1.5 mmol/L MgCl2, 22 mmol/L
(NH4)2SO4, 0.2% Triton X-100, 0.67 mmol/L of the primers
Not_FraxC and Not_FraxR4, 3.3 mol/L betaine (Sigma, St.
Louis, MO), 2.67% dimethyl sulfoxide (Sigma), and 0.27
mmol/L each dNTP (New England Biolabs, Ipswich, MA).
Phusion DNA polymerase (New England Biolabs) was
added to 2.7 U/100 mL. Five microliters of the digestion
mixes was mixed on ice with 15 mL of the PCR master mix,
giving a final composition of 50 mmol/L Tris-HCl (pH 8.9),
1.5 mmol/L MgCl2, 22 mmol/L (NH4)2SO4, 0.2% Triton
X-100, 0.5 mmol/L each primer, 2.5 mol/L betaine, 2%
dimethyl sulfoxide, 0.2 mmol/L each dNTP, and 0.4 U
Phusion polymerase. The samples were then loaded onto a
preheated (>70�C) PCR block (C1000-Touch; Bio-Rad,
Hercules, CA) and subjected to the following cycles of
heating and cooling: 98�C for 3 minutes, 30 � (98�C for 30
seconds, 64�C for 30 seconds, 72�C for 210 seconds), and
72�C for 10 minutes. The PCR products were resolved on
agarose gels and visualized with ethidium bromide (Life
Technologies) or SYBR Gold (Thermo Fisher Scientific,
Waltham, MA), according to standard procedures. Because
the region flanking the repeat in the PCR product consists of
a total of 269 bases, the repeat number associated with
each PCR product can be derived using the following for-
mula: N w (fragment size � 269)/3.
When a fluorescently labeled primer was used, the samples

could also be resolved by high-resolution capillary electro-
phoresis on an ABI Genetic Analyzer (Thermo Fisher Sci-
entific) and the PCR products analyzed using GeneMapper
software version 5 (Thermo Fisher Scientific). Because CGG
repeats migrate slightly faster than similarly sized fragments
in typical molecular weight ladders used in capillary elec-
trophoresis, like the Genescan 500 ROX size standard, it is
necessary, as is the case with commercially available kits, to
use a standard curve generated using alleles of known repeat
number to obtain accurate results. For our standards, we used
five alleles whose repeat size had been previously determined
using a commercially available protocol by another labora-
tory (Carl Dobkin, unpublished data). The alleles had repeat
GCCGCGCTCAGCTCCGTTTCGGTTTCACTTCCGGT-30

GCCGCCTTGTAGAAAGCGCCATTGGAGCCCCGCA-30

TGTCTCGGCACTTGCCCGCCGCCGCCGCCG-30

TGTCTCGGCACTTGCCGGCGGCGGCGGCGG-30

TGATCACGTGAC-30

AAACGGAGCTGA-30

AGCCGCATCT-30

CGGGTTTCTCT-30

GTTTCGGTTT CACTTCCGGT AGCACGTCGC GGGGCGCCGT
T CGAGGGCGCG CACCGCCGTG ACATCGGCGT CATTCGGTCG
TT GTCGCCGGTG CGCGGTCGGA AAAGCGGGCG CGAGGCAGCG
GC GAGTGAATCT AACGGGCGAC AACGCGTTCG GCCTCGGAGT
CG GGTATGCGGG GCTCCAATGG CGCTTTCTAC AAG

are underlined, whereas the 2 HpaII sites within the amplicon are italicized.

jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://jmd.amjpathol.org


Comprehensive Analysis of FMR1 Alleles
numbers ranging from 23 to 177. Some of the electropho-
retograms shown herein were generated using an R script
incorporating the plotabif and peakabif modules from the
seqinR suite.24

Insteadof the standard cycle parameters described above, the
following heat pulse-extension regimenwas used for those rare
samples that were not amplified in the standard RPT-PCR
assay: 98�C for 3minutes, 30� [98�C for 30 seconds, 64�C for
30 seconds, ramp at 0.6�C/seconds to 72�C, hold 2 seconds,
7 � (86�C for 2 seconds, 72�C for 2 seconds), 7 � (89�C for
2 seconds, 72�C for 2 seconds), 7� (90�C for 2 seconds, 72�C
for 2 seconds)], 72�C for 10 minutes.25

Triplet-Primed PCR Assay for AGG Interruptions (TP_RPT-PCR)
For determination of the AGG-interspersion pattern, the
repeat-containing primers, Fmr1_CCG5 or Fmr1_CGG5,
were added to the RPT-PCR mix to a final concentration of
0.033 mmol/L (1:20 ratio to external primers) and the
samples analyzed as described above.

Assay for the Number of Uninterrupted CGG/CCG-Repeats at
the 30 End of the Repeat Tract (AGG_RPT-PCR)
A 10 mL aliquot of the standard RPT-PCR was digested
with 2 U EciI or mock digested in a final volume of 20 mL
containing 2 mL 10� CutSmart buffer (New England Bio-
labs). Digestion was performed for 1 hour and the enzyme
inactivated by incubation at 80�C for 20 minutes. The extent
of EciI digestion can be assessed by inclusion of M13 DNA
in the digestion mix or in a digestion performed in parallel.
The location of the first A in the repeat tract is given by the
formula: N1 w (B1 � 144)/3, where N1 is the number of the
repeat corresponding to the first AGG interruption, B1 is the
length of the approximately 170 bp digestion product, and
144 corresponds to the sum of the 135 bp from the 50

flanking region in the PCR product and the nine additional
bases resulting from EciI cleavage downstream of the AGG.
The number of uninterrupted repeats at the 30 end is given
by the formula: N2 w (B2 � 125)/3, where N2 is the number
of uninterrupted repeats at the 30 end of the repeat tract, B2

is the length of the second digestion product, and 125 cor-
responds to the number of bases in the 30 flanking region of
the PCR fragment minus the bases resulting from EciI
cleavage downstream of the A. For more precise analysis of
the AGG interruption status, the RPT-PCR assay was per-
formed using a fluoroscein (FAM)-labeled Not_FraxC
primer and a hexachlorofluorescein (HEX)-labeled
Not_FraxR4 primer. The products of the subsequent EciI
digest were resolved by capillary electrophoresis. As with
the standard RPT-PCR assay, an accurate determination of
the number of uninterrupted repeats requires the use of an
appropriate set of standards. In this case, it would be sam-
ples for which the interspersion pattern was known.

Methylation-Sensitive Repeat PCR (MS_RPT-PCR)
For analysis of the methylation status of the region containing
the repeat, a methylation-sensitive enzyme, HpaII, was
The Journal of Molecular Diagnostics - jmd.amjpathol.org
included in the predigestion step of the RPT-PCR described
above. Specifically, a 20 mL aliquot of the digestion mix
containing HindIII was transferred to a new tube to which 10
U HpaII (New England Biolabs) was added. Equivalent ali-
quots of the mix with and without HpaII were digested
overnight at 37�C. Both samples were then processed for the
RPT-PCR as described above. An internal control for HpaII
digestion was generated as follows. A 243-bp fragment with
the same GC content as the FMR1 CGG/CCG-flanking
sequence was synthesized. This fragment contained two
HpaII sites and can be amplified using the Not_FraxC and
Not_FraxR4 primers to give a 271-bp PCR fragment. The
sequence of this region is shown in Table 2. The fragment was
cloned into the pJAZZ-OK (Lucigen Corp., Middleton, WI)
vector to generate pJZ-FMRSyn11. This plasmid can be
added to genomic samples at approximately one fifth genome
equivalent before predigestion and PCR. This internal control
plasmid is available on request.

Quantitative FMR1 Promoter Methylation Assay (qMS-PCR)
DNA samples at a concentration of 10 ng/mL in a total volume
of 100 mL in TE buffer were first sonicated using a Bioruptor
(Diagenode, Inc., Denville, NJ) on the medium setting with
cycles of 30 seconds on/30 seconds off for a total of 5minutes.
This resulted in DNA fragments that were 0.5 to 1 kb in
length. Three hundred nanograms of each DNA sample was
then either mock digested or digested overnight with HpaII in
CutSmart buffer (New England Biolabs) in a total volume of
50 mL. Quantitative PCR was then performed in a final vol-
ume of 20 mL using 2 mL of the mock digested and digested
DNA (13 ng), 0.4 mL each of 10 mmol/L stocks of the FMR1
ex 1 (F) and FMR1 ex 1 (R) primers (Table 2),26 and 10 mL of
Power SYBRGreenmastermix (Thermo Fisher Scientific) on
a StepOne Plus (Thermo Fisher Scientific) PCR machine.
Cycling parameters were 10 minutes at 95�C, followed by 40
cycles of 15 seconds at 95�C and 60 seconds at 60�C. The
extent of DNA methylation was determined by averaging the
results of five technical replicates and calculating the differ-
ence in the Ct values of the digested and mock digested
samples using the DDCt method. A control for HpaII diges-
tion was generated by amplifying a region of the GAPDH
gene that contains an unmethylated HpaII site using the same
thermal cycling condition as described above. The sequence
of primers, GAPDH exon1 (forward), and GAPDH intron1
(reverse) that were used to amplify theGAPDH control region
is listed in Table 2.

Results

Robust PCR Assay for the Determination of the
CGG/CCG-Repeat Number in FMR1 Alleles

We have previously described a PCR-based assay useful for
the analysis of CGG/CCG-repeat numbers in the PM range.8

However, this assay was unable to amplify alleles in the FM
range, particularly when the alleles were methylated. In an
765
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effort to improve the yield of PCR product from large
methylated FMR1 alleles, we tested several DNA poly-
merases reported to be effective at the amplification of
difficult templates, including Phusion DNA polymerase
(New England Biolabs) and the Expand High Fidelity
enzyme mix (Roche, Indianapolis, IN). These polymerases
were tested with a variety of buffers, including those sup-
plied by the manufacturers. These buffers were tested in the
absence or presence of betaine, dimethyl sulfoxide, glycerol,
7-deaza-dGTP, and single-stranded DNA binding protein,
compounds previously reported to facilitate the amplifica-
tion of regions of high G þ C-content.27,28 The best results
were obtained with Phusion DNA polymerase and Kþ-free
buffers containing betaine and dimethyl sulfoxide. The
requirement for a Kþ-free buffer likely reflects the ability of
the repeats to form a quadruplex, a Kþ-stabilized secondary
structure, as we demonstrated previously.12 Addition of
glycerol, single-stranded DNA binding protein, and
7-deaza-dGTP gave no appreciable improvement in PCR
yield. A further increase in the yield of PCR product was
achieved by predigesting the template DNA with HindIII, an
enzyme that is methylation insensitive and does not cut
within the amplicon of interest. We then optimized the
buffer conditions so that the digested material could be used
directly in the PCR without purification. Using the resultant
protocol, as outlined in Materials and Methods, we were
able to amplify an allele with approximately 940 repeats
Figure 1 The use of HiFi DNA polymerase and Phusion DNA polymerase in th
mutation (FM) alleles. Repeat amplification was performed on various samples u
polymerase or Phusion DNA polymerase. A: The products of the PCRs resolved by
embryonic stem cell line (H1) (lane 2), from SC120, a PM induced pluripotent stem
FM cell lines, GM04025 (lane 5) and GM09237 (lane 6). The molecular weight m
corresponding to the amplified alleles. B: The electropheretograms produced on c
molecular weight marker. C: The results obtained for the amplification of DNA fro
carrier of a gray zone allele (GZ; 51 repeats), and their daughter who carries a norm
a 2% agarose gel.
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(Figure 1A). For comparison, the results obtained using the
Expand High Fidelity enzyme mix in the same buffer are
also shown (Roche) (Figure 1A). PM and FM carriers are
often mosaic for alleles with a variety of repeat sizes, and
the difficulty in amplifying large alleles leads to the pref-
erential amplification of smaller alleles in some assays.
However, our RPT-PCR assay is able to amplify a FM allele
when it represented just 5% of alleles in a mixture with
either normal or PM alleles (Supplemental Figure S1). A
more accurate determination of repeat size can be obtained
using high-resolution capillary electrophoresis (Figure 1B).
In this case, standards generated from FMR1 alleles with
known repeat numbers would need to be used (see
Materials and Methods). Gray zone alleles (repeat numbers
between 45 and 54) can also be distinguished from normal
alleles using a 2% agarose gel as in this example of a mother
(A8018) with two normal alleles, a father (A8020) with a
gray zone allele, and their daughter (A7306) with a normal
allele and a gray zone allele (Figure 1C).
The RPT-PCR assay is also robust enough to reliably

amplify mosaic FM alleles from saliva samples with min-
imal purification (Supplemental Figure S2A). In one case,
FX-4, two PM alleles and a faint, broadly distributed,
smear of PCR products in the FM range could be seen on
agarose gels (Supplemental Figure S2A) but that are clearly
visible in capillary electrophoretograms (Supplemental
Figure S2C).
e amplification of normal (N), gray zone (GZ), premutation (PM), and full
sing the protocol described in Materials and Methods and either HiFi DNA
electrophoresis on a 1% agarose gel. Water (lane 1), DNA from a normal
cell (iPSC) line (lane 3), from SC128, a FM iPSC line (lane 4), and from two
arker (MW) was a 1-kb ladder. The asterisks indicate the repeat numbers
apillary electrophoresis for SC128 and GM09237 together with the LIZ1200
m a female (F) carrier of two normal alleles (30 repeats each), a male (M)
al allele and the paternal gray zone allele. Electrophoresis was performed on
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It has previously been reported that the incorporation of a
series of short heat pulses to the PCR cycling parameters
improves the ability to amplify long repeats.25 By
combining a modified version of these cycling parameters
with our reaction mix we were able to visualize alleles in
cell lines that were resistant to our standard RPT-PCR
cycling. Specifically, we were able to visualize all three
alleles present in a mosaic cell line containing approxi-
mately 350, approximately 780, and approximately 1075
repeats (Supplemental Figure S2B), whereas with the stan-
dard RPT-PCR only the smallest allele was amplified. The
results we obtained with PCR are consistent with results
obtained by Southern blotting.9 We were also able to
visualize an allele with approximately 900 repeats that we
were unable to visualize with the standard PCR cycling. The
Southern blotting data for this cell line were also congruent
with the size of the PCR product obtained.9 Because we are
able to amplify a slightly larger allele that has no AGG
interruptions using conventional cycling (GM09237), it is
unclear why we were unable to do so with this sample.
However, because the use of the heat pulse protocol
significantly increases the amplification time, it may not be
necessary for routine amplification of smaller alleles.

FMR1 Methylation Assays

The RPT-PCR assay can be readily modified to allow
assessment of the methylation status of the FMR1 gene by
Figure 2 Analysis of the methylation status of the repeat region in DNA from ca
The methylation status of the repeat region was assessed using DNAs predigested w
The resultant products were resolved on a 1% agarose gel. The þ sign indicates
Molecular weight marker (MW)1 and MW2 are 100-bp and 1-Kb molecular weight l
cell (ESC) line (H1) (lane 2), from SC120, a PM induced pluripotent stem cell (iPS
lines, GM04025 (lane 5) and GM09237 (lane 6). B: Analysis of DNA from a fragile X
from two female (F) FM carriers F23856 and F23690. M, male.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
incorporating the methylation-sensitive restriction enzyme
HpaII into the predigestion step. HpaII has two recognition
sites in the amplicon generated by the PCR, one of which is
located within the region to which the forward primer hy-
bridizes. Predigestion with HpaII eliminates unmethylated
alleles. This allows the methylated alleles to be identified
and their proportion to be ascertained by comparison to the
sample without HpaII digestion. This methylation-specific
repeat PCR (MS_RPT-PCR) assay was suitable for the
semiquantitative analysis of methylation in both males and
females (Figure 2). Digestion by HpaII can be monitored, if
necessary, using a synthetic 243-bp internal control frag-
ment that we generated. This fragment, whose sequence is
shown in Table 2, can be amplified using the same PCR
primers used for the RPT-PCR assay. The resultant PCR
product is smaller than a normal FMR1 allele but has the
same G þ C content and also has two HpaII sites. This
plasmid can be added at a low concentration (0.2 pg or
approximately one fifth genome equivalent to 100 ng
genomic DNA) to the predigestion mix to verify that the
HpaII digestion was complete (Supplemental Figure S3).

The MS_RPT-PCR assay has the advantage of being able
to correlate specific alleles with their methylation status. So,
for example, we can see that although the parental embry-
onic stem cell line WCMC37 contained two methylated FM
alleles, a subclone isolated from that cell line contained a
mixture of two unmethylated PM alleles, two methylated
FM alleles, and one unmethylated FM allele (Figure 2B).
rriers of normal (N), premutation (PM), and full mutation (FM) FMR1 alleles.
ith or without HpaII before the PCR, as described in Materials and Methods.
those reactions that were predigested with HpaII in addition to HindIII.
adders, respectively. A: Water (lane 1), DNA from a normal embryonic stem
C) line (lane 3), from SC128, a FM iPSC line (lane 4), and from two FM cell
syndrome ESC WCMC37, MC37B, a subclone isolated from this cell line, and
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Figure 3 Analysis of different ratios of methylated and unmethylated
alleles using the qMS-PCR assay. DNA from a fully methylated full mutation
carrier (GM09145) and a full unmethylated normal allele (GM06865) was
mixed at different ratios before sonication. The DNA mixtures were then
either mock digested or digested with HpaII and the amount of DNA cor-
responding to the 50 end of the FMR1 gene analyzed by real-time PCR, as
described in Materials and Methods. The percentage of uncut FMR1 DNA (ie,
the percentage methylated) was then plotted as a function of the relative
amount of the original methylated and unmethylated DNA (closed circles).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; open circles) was
analyzed in parallel as a control for HpaII digestion.
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Although this assay is useful for correlating methylation
with a particular allele, there are situations where having a
more quantitative measurement of the extent of DNA
methylation that is not based on analysis of the repeat it-
self would be useful. Although several assays have been
described for this purpose, many of them have limited
sensitivity, some make use of specialized equipment and
sometimes involve modification steps that are time
consuming and can be prone to failure or are cost-
prohibitive for routine use. To generate a rapid and cost-
effective assay for methylation of the FMR1 promoter, we
opted to develop a simple methylation-sensitive PCR
strategy that we call quantitative methylation-sensitive
PCR (qMS-PCR) that obviates the need for bisulfite
modification or TaqMan primers. We used a primer pair
that amplifies a region upstream of the repeat that contains
a HpaII site.26 This allows us to interrogate the methyl-
ation status of the template by digestion of the genomic
DNA before PCR. PCR using these primers generated a
single product with no primer dimers, which allowed us to
use SYBR Green dye to monitor the levels of the PCR
product. Because the repeat has a strong effect on the PCR
efficiency of most primer pairs adjacent to it, we included
a sonication step before the HpaII digestion that mini-
mized this effect. The digested samples were then sub-
jected to real-time PCR for both the FMR1 promoter
region and a region of the unmethylated GAPDH gene as a
control for HpaII digestion, and the data processed as
described in Materials and Methods. The amount of PCR
product produced after HpaII digestion of samples from
normal males (GM06865, H1), a male gray zone allele
carrier (A8020), and three male PM carriers (SC120,
F15608, F10149) was 1% to 9% of that seen without
HpaII digestion, consistent with little, if any, methylation
(Table 1). As expected, DNA from four unaffected fe-
males, a female heterozygous for a gray zone allele, and
females heterozygous for PM alleles all showed methyl-
ation levels of approximately 50% (range, 48% to 64%)
(Table 1). Two female carriers of FM alleles, F23690 and
F23856, also showed methylation levels of 63% and 53%,
respectively (ie, levels that fall within the range seen in
normal females) (Table 1). Because a level of approxi-
mately 75% methylation would be expected if the FM
allele was fully methylated in all cells and the normal
allele was fully methylated in 50% of cells, this would be
consistent with some skewed X inactivation. This was
consistent with what was seen by the standard MS_RPT-
PCR assay where HpaII digestion results in the loss of
>50% of the normal allele (Figure 2B).

In contrast, four FM male cell lines that appear fully
methylated by Southern blotting and our standard MS_RPT-
PCR assay (SC128, GM04025, GM07294 and GM09145)
(Figure 2A and data not shown) showedmethylation levels of
>90% in the qMS-PCR assay (Table 1). Occasionally, the
extent of methylation determined by this assay exceeded
100% (Table 1). However, the associated %CV of this assay
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is <1 (ie, well within acceptable limits for most qPCR ap-
plications),29 and a greater precision is difficult to attain when
small changes in Ct values are being measured. Nonetheless,
this level of accuracy is comparable to or better than that re-
ported by some other methods for determining methylation
status.30e32 To test this assay further, we mixed different
proportions of DNA from a male cell line with a completely
unmethylated normal FMR1 allele (GM06865) and DNA
from a male cell line with a completely methylated FM allele
(GM09145). This assay showed a linear relationship between
the percentage methylation as measured in this assay and the
proportion of DNA from the methylated cell line that was
present in the samples (R2 Z 0.9933) (Figure 3).
One mosaic male FM patient, FX-1, showed 57% methyl-

ation in the qMS-PCR assay (Table 1). This is consistent with
the fact that in the standardMS_RPT-PCR assay, there was an
apparent decrease in the yield of PCR product after HpaII
digestion (Supplemental Figure S2). A second male, FX-4,
showed a methylation level of 43% in the qMS-PCR assay
(Table 1). This patient showed clear evidence of two methyl-
ated PM alleles and a HpaII-sensitive smear in FM range in the
MS_RPT-PCR assay (Supplemental Figure S2A). A
similar distribution of alleles was also seen in blood using a
commecially available assay (Carolyn Smith, personal
communication).
DNA from amale FM cell line (GM06897) was found to be

completely unmethylated in our qMS-PCR assay (Table 1).
Although this cell line was fully methylated when it was
deposited in the Coriell repository (Camden, NY), it was also
found to be unmethylated in our MS_RPT PCR assay
(Supplemental Figure S4A) and by sequencing of bisulphite-
modified DNA from immediately upstream of the repeats
(Supplemental Figure S4B). This cell line still has repeats in
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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the FM range, although the repeat number ranges from
approximately 240 to approximately 570 (Supplemental
Figure S4A). Again, the broad range of repeat sizes is
consistent with the observation that unmethylated alleles are
more unstable than methylated ones.33e36

Although the FM allele from untreated GM04025 cells was
fully methylated in the qMS-PCR assay, DNA isolated from
this cell line after 3 days of treatment with 10 mmol/L of
5-azadeoxycytidine, a DNA methyltransferase inhibitor,
showed a methylation level of approximately 77% (Table 1).
Pyrosequencing of an adjacent DNA region containing 22
CpGs showed methylation of individual CpG residues
ranging from 60% to 80%.37 Thus, the qMS-PCR assay can
also be used for monitoring the extent of demethylation in
response to compounds that target epigenetic modifications.

Modification of the RPT-PCR Assay to Examine the AGG
Interruption Pattern in the FMR1 Gene (TP_RPT-PCR)

The RPT-PCR assay could also be readily modified to
generate a variant of the previously described triplet-
Figure 4 Determination of the AGG interruption pattern in three premutation
PCR using three primers, Not_FraxC, Not_FraxF, and either Fmr1_CCG5 (A) or Fmr1_
indicate the full-length PCR product. The arrows in A indicate the location of the
to the 50 end of the repeat. The brackets indicate the location of the interruption
external primers to the repeat containing primer. M, male; RFU, relative fluorese

The Journal of Molecular Diagnostics - jmd.amjpathol.org
primed (TP) PCR38 to examine the AGG-interruption
pattern present in some FMR1 alleles. The modification
involved the addition of a third primer, Fmr1_CCG5,
containing five repeats of the trinucleotide CCG at the 30

end, into the reaction mix rather than a primer containing
CGG-repeats, as previously described.32 Like the CGG
primer, the CCG primer hybridizes throughout the repeat
tract except in regions containing an AGG interruption.
This results in a continuous distribution of PCR products
with dips visible in the GeneMapper profile corresponding
to the position of any AGG interruptions, where no primer
binding, and thus no primer extension, occurred. However,
the use of the CCG primer should give better resolution of
the AGG interruption pattern on longer alleles because the
AGG interruptions are generally located at the 50 end of
the repeat and thus the CCG repeateprimed products
flanking the AGG interruption are smaller than the
equivalent repeat-primed products for the CGG primer.
This allows them to be more easily amplified and resolved
by capillary electrophoresis. The use of both flanking
primers rather than a single flanking primer39 allows the
(PM) carriers by TP_RPT-PCR. The AGG interruption pattern was assessed by
CGG5 (B), as described in Materials and Methods. The arrowheads in A and B
AGG interruptions. The inset in A shows a magnification of the region close
s. The insets in B show the same samples amplified with a 40:1 ratio of the
nce units.
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full length of the repeat tract to be determined simulta-
neously if necessary.

The results obtained for three PM carriers using the
CCG and CCG repeat primers are shown in Figure 4. A
20:1 ratio of the external primer pair to the CCG
repeatecontaining primer gave the clearest results in our
assay, showing both the interruption pattern and a small
amount of the full-length allele that could be seen in the
same scan (Figure 4A). The first sample had no in-
terruptions, the second had single interruption at position
10, and the third had interruptions at position 10 and po-
sition 20, consistent with previous testing (S. Nolin, per-
sonal communication). In contrast, results obtained with a
(CGG)5 primer were less distinct at all ratios of the third
primer (Figure 4B), although they worked well for smaller
alleles (data not shown).

Modification of the RPT-PCR Assay to Determine the
Number of Uninterrupted Repeats at 30 End of the
Repeat Tract (AGG_RPT-PCR)

Although the determination of the AGG interruption
pattern in males using the CCG repeateprimed PCR assay
is straightforward, the presence of the normal allele can
complicate the interpretation of the results in female car-
riers of PM or gray/intermediate zone alleles. However,
evidence suggests that the threshold for repeat instability is
approximately 34 uninterrupted repeats40 and that the
number of pure CGG repeats at the 30 end of the repeat
tract of a PM allele is the single factor that predicts the risk
of large expansions, particularly in alleles with 45 to 69
repeats.5 We therefore modified the RPT-PCR assay to
more easily determine this parameter in complex samples.
In this assay, the product of the RPT-PCR is digested with
the restriction enzyme, EciI, that recognizes the sequence
GGCGGA(N)11. It thus cuts a CGG repeat tract with an
AGG interruption 11 bp downstream of the A (ie, three
repeats downstream of the AGG interruption). This gen-
erates cleavage products that can readily be identified on
agarose gels. Because the distance between the 50 end of
the PCR fragment and the beginning of the repeat is 135
bp and the first 50 AGG interruption is generally at the 10th

or 11th triplet of the repeat,3,6,40 digestion of a fragment
with one or more AGG interruptions would generate a
band of approximately 170 bp representing the sum of the
135 bases in the 50 flanking region, the number of bases in
the repeat tract up to the first A along with the 11 bp
resulting from EciI cleavage downstream of the A. A
second band corresponding to the 30 end of the PCR
product should also be clearly visible (Figure 5A). Frag-
ments corresponding to the region between consecutive
AGGs would be approximately 30 bp long and as such
would be difficult to detect on an agarose gel. However,
their presence could be inferred from the difference be-
tween the full-length fragment and the sum of the lengths
of the 50 and 30 fragments. Because the number of
770
uninterrupted repeats that confers a risk of expansion is
thought to be >34,5,40 it should in principle be possible to
ascertain all at-risk alleles using this strategy, because the
vast majority of normal alleles contain 30 repeats or less.
The use of this assay to analyze female carriers of gray

zone and PM alleles is illustrated in Figure 5, B and C. One
female, A7306, has a normal allele of 30 repeats and a gray
zone allele with 52 repeats with two interruptions in each
allele as ascertained by sequencing of the parental alleles
(Supplemental Figure S5). Both alleles were sensitive to
EciI, resulting in an approximately 175-bp band and a
smaller amount of an approximately 225-bp band
(Figure 5B). The larger band corresponds to approximately
30 uninterrupted repeats at the 30 end of the repeat tract of
the gray zone allele, consistent with the sequencing data.
The smaller band represents the fragment generated from
the 50 end of both alleles, along with the fragment from the
30 end of the normal allele that has nine repeats. HT-51E has
a normal allele of 29 repeats and a PM allele of 92 repeats.
EciI digestion generated a band of approximately 175 bp
and a band of approximately 350 bp that migrates slightly
faster than the undigested normal allele. EciI cleavage of the
PM allele would be consistent with the presence of at least
one AGG interruption and the size of the digestion product
is consistent with an uninterrupted 30 tract of approximately
75 repeats (Figure 5B).
The use of primer pairs with different fluorescent labels

allows both the number of pure repeats at the 50 end of the
repeat tract and the number of pure repeats at the 30 end of
the repeat tract to be accurately determined in the same
electrophoresis run. The FAM-labeled forward primer la-
bels the CGG strand of the repeat, whereas the HEX-
labeled reverse primer labels the CCG strand (Figure 5A).
Both strands migrate faster than a random sequence of the
same length in capillary electrophoresis, with the CGG
strand migrating faster than the CCG strand. Thus, sepa-
rate red and blue peaks are seen for each allele in the
undigested sample. However, the repeat numbers deter-
mined by reference to the appropriate FAM and HEX-
labeled markers should correlate. After EciI digestion,
each allele produces a single peak in the FAM channel
corresponding to the 50 end of the repeat and a single peak
in the HEX channel corresponding to the 30 end of the
repeat.
In the case of the female PM carrier, HT-51E, two red

peaks and two blue peaks are seen in the sample that was
not treated with EciI (Figure 5C). These peaks correspond
to the full-length CCG (red) and CGG strands (blue) of the
normal and PM allele. After digestion, two peaks are seen
in the HEX channel of the EciI-digested sample
(Figure 5C). These correspond to the 30 ends of the normal
and PM allele, respectively. A single peak is seen in the
FAM channel corresponding to the 50 end of both the
normal and the PM allele (Figure 5C). This is consistent
with the results of the CCG-primed TP_RPT-PCR that
demonstrates that although two different alleles are present,
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 5 Analysis of the number of uninterrupted repeats at the 30 end of the repeat tract using the AGG_RPT-PCR assay. A: Schematic representation of
the basis of the AGG_RPT-PCR assay for AGG interruptions showing the FAM and HEX labeled strands generated by PCR that is the substrate for EciI digestion.
B: Analysis of interruption status in A7306, a female carrier of a normal allele (30 repeats) and a gray zone allele (52 repeats) and HT-51E, a female carrier of a
normal (29 repeats) and a PM allele (92 repeats). The products of the reaction were resolved by electrophoresis on a 2% agarose gel. C: Capillary electro-
phoretograms of the reaction products for HT-51E in which a FAM-labeled forward primer and a HEX-labeled reverse primer were used for the PCR. The CCG-rich
strand of each fragment is shown in red and the CGG-rich strand is shown in blue. In the absence of EciI, the red and blue peaks correspond to the individual
strands of the full-length PCR fragment. These fragments do not comigrate because the CGG strand has a higher mobility than the CCG strand in this gel system.
After EciI digestion, the red peaks correspond to the CGG strand of the 30 end of the repeat tract and the blue peaks correspond to the CCG strand of the 50 end
of the repeat tract. F, female; GZ, gray zone allele; MW, 100-bp molecular weight ladder; PM, premutation.
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they both possess the same AGG interruption pattern
(Supplemental Figure S6).
Discussion

We have developed a set of simple, sensitive, and relatively
inexpensive assays that can be used to monitor repeat
length, the AGG interruption pattern, and the extent of
methylation of most FMR1 alleles on a routine basis in a
research laboratory setting. These assays permit the deter-
mination of all of the critical factors that impact expansion
risk and determine clinical involvement even in individuals
whose allele size or mosaicism for these factors make this
challenging (Table 1). The workflow for these assays is
illustrated in Figure 6 and can be completed within a time
The Journal of Molecular Diagnostics - jmd.amjpathol.org
frame similar to that of the more recent commercial assays
and is comparable in terms of hands-on time required. The
basic assays for repeat number (RPT-PCR), methylation
status (MS_RPT-PCR), and the number of uninterrupted
repeats (AGG_RPT-PCR) using agarose gel electrophoresis
cost well under the $5.00 mark typically considered the
threshold for population-based screening.

The RPT-PCR assay can readily detect alleles with >900
repeats even in samples with multiple large alleles (Figure 1
and Supplemental Figure S2B). It is sensitive enough to
detect 5% to 10% of FM alleles present in amixture of normal
or PM alleles (Supplemental Figure S1); this assay is robust
enough to be used on samples like saliva with minimal puri-
fication (Supplemental Figure S2A). The ability to use saliva
samples simplifies sample collection in the field and is
particularly advantageous for collecting DNA from FM
771
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Figure 6 Diagram illustrating the work-flow
for the analysis of FMR1 alleles. RPT-PCR/
MS_RPT-PCR enables the determination of repeat
size and gives an indication of the methylation
status for full mutation (FM) carriers. It can also
reveal skewed X-inactivation in female pre-
mutation (PM) and FM carriers. Agarose gel elec-
trophoresis can be used for rapid evaluation of
alleles followed by capillary electrophoresis for
samples for which an accurate repeat number is
necessary. PM alleles can be further processed by
either TP_RPT-PCR or AGG_RPT-PCR to determine
AGG interruption status or number of uninter-
rupted CGG repeats at 30 end of the repeat tract.
The remaining RPT-PCR product can be used
without further purification for the AGG_RPT-PCR
assay if necessary, thus saving time and sample.
FM alleles or alleles that were not amplified in the
RPT-PCR (with or without a heat pulse) should
then be processed by qMS-PCR to quantitate the
amount of methylation.

Hayward et al
carriers who often find blood draws difficult. The TP_RPT
PCR allows the unambiguous determination of the AGG
interspersion pattern that is particularly useful for males
(Figure 4). The AGG_RPT-PCR may be more useful for fe-
males because it can be used to determine the number of
uninterrupted CGG repeats at the 30 end of the repeat tract of
each allele (Figure 5).

The MS_RPT-PCR allows specific alleles to be correlated
with their methylation status. This can be important for fe-
males with skewedXCI (Figure 2) or in the case of patient FX-
4, who is unusual in having two methylated PM alleles and
multiple unmethylated FMs (Supplemental Figure S2).
Furthermore, subculturing of fragile X syndrome embryonic
stemcells frequently results in both contractions and the loss of
methylation from smaller alleles (Figure 2B). This variability
in repeat size and methylation status is also seen in differen-
tiated cells in culture, as illustrated by the case of GM06897, a
lymphoblastoid cell line that was methylated when deposited
in the Coriell Collection but that is now completely unme-
thylated (Table 1 and Supplemental Figure S4). Thus, having
an inexpensive assay suitable for routine use in laboratories
working with cells such as these is critical.

The qMS-PCR assay offers an advantage over the
MS_RPT-PCR in giving a more quantitative readout of
methylation status than the MS_RPT-PCR. It is able to
clearly distinguish between normal males and females,
772
between normal and methylated FM alleles, and between
FM alleles with and without treatment with a demethylating
agent. It can also reveal some cases of skewed X inactiva-
tion in female FM carriers (Table 1). However, because in
females with FM or large PM alleles and preferential inac-
tivation of the normal allele, the percentage methylation
could vary anywhere from 50% if the PM/FM allele were
completely unmethylated, to 100% if this allele was
completely methylated, both the MS_RPT-PCR and the
qMS-PCR assay should be used. The qMS-PCR assay is
also useful in cases such as FX-4 (Supplemental Figure S2),
where the heterogeneity of large unmethylated alleles may
make the proportion of such alleles difficult to assess. In
addition, qMS-PCR can also reliably determine even small
changes in methylation, resulting from treatment with DNA
demethylating agents (Table 1). Thus, this assay may be
useful not only for assessing patient methylation levels, but
also for addressing basic research questions, including the
mechanism of gene silencing and the identification of
epigenetic modifiers that may reactivate silenced FM alleles
in tissue culture.
In conclusion, the assays we have developed can be used

to monitor in a cost-effective manner many of the key
factors that impact expansion risk and disease severity. They
are also cheaper and rapid enough to be used in the labo-
ratory setting for the routine monitoring of cell lines and to
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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test compounds that affect repeat stability and methylation
status.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.jmoldx.2016.06.001.
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