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An accurate and robust polymerase chain reaction-based assay for quantifying cytosine-guanine-
guanine trinucleotide repeats in the Fragile X mental retardation-1 gene facilitates molecular
diagnosis and screening of Fragile X syndrome and Fragile X-related disorders with shorter turn-
around time and investment in equipment.

ABSTRACT:

Fragile X syndrome (FXS) and associated disorders are caused by expansion of the cytosine-
guanine-guanine (CGG) trinucleotide repeat in the 5’ untranslated region (UTR) of the Fragile X
mental retardation-1 (FMR1) gene promoter. Conventionally, capillary electrophoresis fragment
analysis on a genetic analyzer is used for the sizing of the CGG repeats of FMR1, but additional
Southern blot analysis is required for exact measurement when the repeat number is higher than
200. Here, we present an accurate and robust polymerase chain reaction (PCR)-based method
for quantification of the CGG repeats of FMR1. The first step of this test is PCR amplification of
the repeat sequences in the 5’"UTR of the FMR1 promoter using a Fragile X PCR kit, followed by
purification of the PCR products and fragment sizing on a microfluidic capillary electrophoresis
instrument, and subsequent interpretation of the number of CGG repeats by referencing
standards with known repeats using the analysis software. This PCR-based assay is reproducible
and capable of identifying the full range of CGG repeats of FMR1 promoters, including those with
a repeat number of more than 200 (classified as full mutation), 55 to 200 (premutation), 46 to 54
(intermediate), and 10 to 45 (normal). It is a cost-effective method that facilitates classification
of the FXS and Fragile X-associated disorders with robustness and rapid reporting time.

INTRODUCTION:

Fragile X syndrome (FXS) and Fragile X associated disorders, e.g., tremor and ataxia syndrome
(FX-TAS), and primary ovarian insufficiency (FX-POI) are mainly caused by cytosine-guanine-
guanine (CGG) trinucleotide repeat expansion in the 5’ untranslated region (UTR) of the Fragile X
mental retardation-1 (FMR1) gene on Xqg27.3%2. The FMR1 encoded protein (FMRP) is a
polyribosome-associated RNA-binding protein that functions in neuronal development and
synaptic plasticity by regulating alternative splicing, stability, and dendritic transport of mRNA or
modulating synthesis of partial postsynaptic proteins3~’.

The dynamic variation with a CGG repeat size of > 200 is described as full mutation, which induces
the aberrant hypermethylation and subsequent transcriptional silencing of the FMR1 promoter?.
The resulting absence or lack of the FMRP protein disrupts normal neuronal development and
causes FXS°, characterized by various clinical symptoms, including moderate to severe
intellectual disability, developmental delay, hyperactive behaviors, poor contacts and autistic
manifestations'®12, The presentation in female FXS patients is generally milder than that in males.
The CGG repeat size ranging from 55 to 200 and 45 to 54 are classified as premutation and
intermediate status, respectively. Due to the high degree of instability, the CGG repeat size in a
premutation or intermediate allele presumably expands when transmitted from parents to
offspring®®!4. Thus, carriers with premutation alleles are at high risk of having children affected
with FXS because of the repeat expansion, and in some cases, intermediate alleles can expand
their repeat size to the full mutation range over two generations?>1®. Furthermore, males with
premutation also convey increased risk of developing late-onset FX-TAS”1°, while premutation
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females are predisposed for both FX-TAS and FX-POI?°22, Recently, it has been reported that
autistic spectrum disorders with developmental delay and problems in social behaviors are
presented in children with premutation FMR1 alleles?324,

To determine the exact CGG repeat size is of great significance for classification and prediction
of the FXS and Fragile X-associated disorders?>2®, Historically, the CGG repeat region-specific
polymerase chain reaction (PCR) with fragment sizing plus Southern blot analysis have been the
gold standard for molecular profiling of the FMR1 CGG repeat?’. However, traditional specific
PCR is less sensitive to large premutations with more than 100 to 130 repeats and is incapable of
amplifying full mutations?’2%. Furthermore, capillary electrophoresis on a traditional genetic
analyzer for repeat sizing fails to detect FMR1 PCR products with more than 200 CGG repeats.
The Southern blot analysis enables differentiation of a wider range of repeat size, from normal
to full mutation repeat numbers, and has been widely used for confirming full mutations (in
males) and differentiating heterozygous alleles with a full mutation from apparently homozygous
alleles with normal repeat sizes (in females). However, the resolution for quantifying the repeats
is limited. More importantly, this step-by-step testing strategy is labor-intensive, time-consuming,
and cost-ineffective.

Here, we present an accurate and robust PCR-based method for quantification of the CGG
repeats of FMR1. The first step of this test is PCR amplification of the repeat sequences in the
5’UTR of the FMR1 promoter using Fragile X PCR kit. The PCR products are purified and fragment
sizing is performed on a microfluidic capillary electrophoresis instrument, and subsequent
interpretation of the number of CGG repeats using the analysis software by referencing
standards with known repeats based on the rationale that PCR fragment length is directly
proportional to the number of CGG repeats. The PCR system include reagents that facilitate the
amplification of the highly GC-rich trinucleotide repeat region. This PCR-based assay is
reproducible and capable of identifying all ranges of CGG repeats of FMR1 promoters. This is a
cost-effective method that can find wide application in molecular diagnosis and screening of FXS
and Fragile X-related disorders with less turn-around time and investment in equipment and thus,
can be utilized in a broader spectrum of clinical laboratories.

PROTOCOL:
Ethical approval was granted by the Joint Chinese University of Hong Kong—New Territories East
Cluster Clinical Research Ethics Committee (Reference Number: 2013.055)

1. PCR amplification

1.1 Prior to starting, remove PCR buffer mix, sample diluent and DNA samples (both test and
reference DNA) (see the Table of Materials) from the -20 °C freezer and keep them at room
temperature for 20—30 min to make sure all reagents and DNA are fully thawed. Vortex and
briefly spin down before use.
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1.2 Measure the concentration of the DNA samples using a spectrophotometer (see Table of
Materials). The DNA concentration should be 25 ng/uL; dilute with sample diluent to the
appropriate concentration if required.

NOTE: The DNA should be extracted and purified to remove interfering substances, such as
proteins and high salt concentrations. Non-degraded, high-quality DNA should be used for
subsequent PCR amplification and analysis (A260/A280: 1.8—2.0 and A260/A230: >1.0).

1.3 Label wells of a PCR plate or 0.2 mL PCR tubes to identify reference and tested DNA samples.

1.4 Calculate the number of PCR reactions required for the test samples, 2 reference samples
and negative control sample. Prepare PCR Master Mix by adding 15 uL of PCR buffer mix, 2.6 pL
of sample diluent and 0.4 uL of polymerase for each reaction.

NOTE: A negative control using sample diluent is essential to monitor the PCR performance.
Prepare the PCR master mix at room temperature, do NOT pipette on ice. The PCR buffer mix is
viscous. Mix the tube and then briefly spin down prior to use.

1.5 Vortex the PCR master mix from step 1.4 for 10-20 s and spin down. Slowly dispense 18 uL
of the mixture into each well or tube.

1.6 Vortex and spin down the DNA samples. Pipette 2 pL of each DNA into the appropriate well
or tube for a final PCR volume of 20 pL. Mix by pipetting up and down 5 times.

NOTE: The total amount of DNA per reaction should be 50-100 ng. DNA amounts greater than
150 ng per 20 uL PCR reaction may result in a poor amplification of large repeat alleles. For lower
concentrated DNAs, the amount of sample diluent in the PCR master mix can be replaced by DNA
solution.

1.7 Seal the plate with adhesive plate sealer, or with tube caps.

1.8 Place the sealed PCR plate or tubes in the thermal cycler with heated lid. Run the program
with the following settings: 95 °C for 5 min, followed by 25 cycles of denaturing at 98 °C for 35 s,
annealing at 59 °C for 35 s, and extension at 72 °C for 4 min; a final step at 72 °C for 10 min. Hold

the PCR products at 4 °C in the cycler until removal for further processing.

1.9 After PCR amplification, purify and analyze the products immediately, or store at +2 to +8 °C
overnight. Alternatively, the product can be stored for up to 30 days at -30 to -16 °C.

2. Purification of the PCR products

2.1 Preheat the incubator shaker to 65 °C.
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2.2 For each PCR reaction, add 80 uL of 1x TE buffer (see the Table of Materials) to the 20 pL of
each PCR product from section 1.

2.3 Transfer the sample mixture into a PCR clean-up plate (see Table of Materials) using a
multichannel pipette.

2.4 Keep the plate uncovered and place it into the incubator shaker, and incubate at 65 °C while
shaking at 1200 rpm for 10 min.

2.5 After incubation, set the vacuum instrument at 250 mbar (or 25 kPa, 188 mmHg, 7.4 in Hg)
and aspirate the solution through the filter for 15 min. Wells should have no liquid remaining.

2.6 Cool the incubator shaker down to 25 °C.

2.7 After the first aspiration, turn off the vacuum and add 50 pL of 1x TE buffer to each well. Do
not mix. Aspirate the solution for 10 min using the vacuum settings in step 2.5.

2.8 Dry the bottom of the filter plate by pressing it firmly on a stack of paper towels.

2.9 Add 20 pL of 1x TE buffer into the bottom center of each well. Place the plate in the incubator
shaker and incubate at 25 °C while shaking at 1200 rpm for 5 min.

2.10 After incubation, transfer >15 pL of each purified PCR DNA from step 2.9 to a fresh 96-well
PCR plate. The purified DNA can be analyzed directly, or alternatively can be stored at -30 to -
16 °C until required.

3. Fragment sizing of PCR products

3.1 Prior to starting, allow DNA dye concentrate, DNA gel matrix, DNA marker, DNA ladder and
purified DNA samples from step 2 to equilibrate to room temperature for 30 min.

3.2 Set up the priming station.
3.2.1 Replace the syringe (see Table of Materials) when using a new batch of reagents.

3.2.2 Adjust the base plate, and release the lever of the syringe clip and slide it up to the top
position.

3.3 Start the sizing software (see Table of Materials) and prepare the gel-dye mix.

3.3.1 Vortex dye concentrate for 10 s and spin down. Add 25 pL of the dye to a gel matrix vial.
Vortex the mixed solution well and spin down.
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3.3.2 Transfer the gel-dye mix to a spin filter. Place the spin filter in a microcentrifuge and spin
for 10 min at room temperature at 1500 x g £ 20%.

NOTE: Protect the solution with dye from light and store at 4 °C after use. The gel-dye mix can be
used for about 15 chips once prepared. Allow the gel-dye mix to equilibrate to room temperature
for 30 min each time before use.

3.4 Load the gel-dye mix.

3.4.1 Insert a new DNA chip on the priming station. Add 9 uL of gel-dye mix into the well marked
with “G”. Please ensure the plunger is positioned at the 1 mL mark and then close the priming

station.

3.4.2 Press the syringe plunger down until it is held by the clip. Wait for exactly 30 s then release
the clip. Wait for 5 s, and then slowly pull the plunger back to the 1 mL position.

3.4.3 Open the priming station and add 9 pL of gel-dye mix into the wells marked with “G”.

3.5 Add 5 pL of marker into the well marked with the ladder symbol and also add 5 pL of marker
into each of the 12 sample wells. Do not leave any wells empty.

3.6 Add 1 pL of DNA ladder into the well marked with the ladder symbol. Add 1 pL of PCR product
(used wells) from step 3.1 or 1 pL of ultrapure water (unused wells) into each of the 12 sample
wells. Put the chip horizontally in the adapter of vortex mixer and vortex for 1 min at the indicated
setting (2400 rpm).

3.7 Insert the chip in the bioanalyzer instrument and run the chip in the instrument within 5 min.
3.8 After the assay is complete, immediately remove the used chip from the instrument.

3.9 Slowly add 350 pL of deionized water into one of the wells of the electrode cleaner. Open the
lid of the bioanalyzer and place the electrode cleaner into it. Close the lid and incubate for about
10 s. Open the lid and remove the electrode cleaner. Wait another 10 s to allow the water on the
electrodes to evaporate and then close the lid.

4. Analyze the fragment sizing results

NOTE: The reference samples should be amplified and analyzed by the same thermal cycler and
bioanalyzer in the same batch with the unknown samples.

4.1 After the bioanalyzer run completes, export the peak data from each run as a .csv table file
for subsequent analysis.

4.2 Start the analysis software and open the exported .csv peak table file from step 4.1.
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4.3 Through the QC menu tab, review the regression line fitted to the four points (shown as blue
diamonds on the plot) from the two reference samples. The R? value of the regression line should
be >0.98 (typical values exceed 0.999).

4.4 Through the Results menu tab, check the repeat size of each sample whose fragment length(s)
is automatically plotted against the linear regression standard curve derived from the reference
samples. The software also provides the classification of each sample according to different
guidelines.

4.5 Through the Export menu tab, export the result report for each sample with the repeat
numbers and diagnostic classification, as well as a summary of sample information and QC report
for each run.

NOTE: Analysis software allows the use of custom classification guidelines, such as American
College of Medical Genetics (ACMG) or Clinical Molecular Genetics Society/ European Society of
Human Genetics (CMGS/ESHG) guidelines, as well as predefined classification criteria.

REPRESENTATIVE RESULTS:

The sizing results of the premutation female reference sample (NA20240, repeat sizes of 30 and
80) and the full mutation female reference sample (NA20239, repeat sizes of 20 and 200) are
shown in Figure 1A and Figure 1B, respectively. Typically, two marker peaks (lower marker 50
base pairs [bp] and upper marker 10,380 bp) are included in the fragment size profile. There is
usually a primer complex peak with a size of nearly 95 bp. Through the reference sample, a linear
regression standard curve with four points can be constructed, as exhibited in Figure 1C.

The representative size features of clinical normal, intermediate, premutation, and full mutation
samples are shown in Figure 2A-D. Particularly, mosaic full mutations with two expanded
fragment peaks and one normal peak are presented in Figure 2E. In some female cases, only one
peak is displayed in the microfluidic electrophoresis results, as shown in Figure 2F. This can be
explained by the presentation of normal homozygous alleles (with the same CGG repeat numbers
in the two alleles) in these cases or the inability of differentiating heterozygous alleles that have
repeat number differences of four or less?°. However, these single-peak results could be classified
as normal, because it has been validated that the PCR-based pipeline enables robust
amplification and detection of full mutation or premutation alleles, which minimizes the
possibility of false negative in this situation. One type of sub-optimal situation is baseline bias, as
shown in Figure 2G, which could produce ambiguous or uninterpretable results in some cases.
Such a condition is suspected to be caused by an instrument issue. The measured fragment sizes
of unknown samples are plotted against the linear regression standard curve derived from the
reference samples to automatically calculate the repeat sizes using the analysis software, as
displayed in Figure 2H. Fragment sizes less than 200 repeats are interpolated into the linear
regression standard curve while larger full-mutation allele sizes are measured by extrapolating
along the same standard line. The software also displays the classification of each sample
according to different guidelines.
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FIGURE AND TABLE LEGENDS:

Figure 1: The sizing results of the female reference samples and the corresponding linear
regression curve. (A, B) show the size features of the premutation female reference sample
(NA20240, repeat sizes of 30 and 80) and the full mutation female reference sample (NA20239,
repeat sizes of 20 and 200), respectively. Two markers (lower marker, 50 bp and upper marker
10380 bp) are included in the electrophoresis result for each sample. The peak with a size of
nearly 95 bp indicates a primer complex. Black arrows indicate the peak size of primer complex,
and blue arrows represent the fragment length of reference sample. (C) The linear regression
standard curve with four points (blue diamonds) from the two reference samples is constructed
in the analysis software. The horizontal and vertical axes show the calculated CGG repeat
numbers and the measured fragment length in microfluidic electrophoresis. The R? value of the
regression was 0.99967.

Figure 2: The representative results of clinical samples with different CGG repeat size. (A-E)
show the representative size features by bioanalyzer in the order of normal (with fragment
lengths of 328 bp and 353 bp, corresponding to the repeat numbers of 28 and 36), intermediate
(with fragment lengths of 335 bp and 390 bp, corresponding to the repeat numbers of 30 and
49), premutation (with fragment lengths of 332 bp and 439 bp, corresponding to the repeat
numbers of 29 and 65), full mutation (with fragment lengths of 337 bp and 1911bp,
corresponding to the repeat numbers of 31 and 545) and mosaic full mutations (with fragment
lengths of 349 bp, 1201 bp and 2688 bp, corresponding to the repeat numbers of 33, 294 and
751) samples. (F) presents a single-peak microfluidic electrophoresis result (with a fragment
length of 334 bp, corresponding to the repeat number of 30) of a female who probably has
homozygous alleles (with the same CGG repeat numbers in the two alleles) or heterozygous
alleles (with the CGG repeat number differences of four or less). (G) shows one type of the sub-
optimal situation that is baseline bias. Black arrows indicate the peak size of primer complex, and
red arrows represent the fragment length of the sample. (H) displays the main result interface
of the analysis software. The measured fragment sizes of unknown samples are plotted against
the linear regression standard curve to automatically calculate the repeat sizes. The normal allele
of the mosaic full-mutation female sample shown in (E) is mapped to the standard curve at the
lower left corner of the coordinate axis region (plotted in green), and the larger full-mutation
alleles (plotted in red) extrapolated beyond the four standard points (blue diamonds on the
curve). The tabular sections in the lower half of the figure present the fragment sizes and the
corresponding diagnostic classification according to the chosen ACMG guideline boundaries.

DISCUSSION:

FXS is the second most common cause of intellectual impairment after trisomy 21, accounting
for nearly one-half of X-linked mental retardation3°, which may affect approximately 1 in 4,000
males and 1 in 8,000 females. More importantly, nearly 1 in 250-1,000 females carry a
premutation, and this frequency is 1 in 250-1,600 in males?®3133, Since the risk of CGG repeat
expansion to full mutations when transmitting premutation alleles to offspring dramatically
elevates, for example, from 4% when the maternal repeat size is 55-59 to 98% when the size is
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100-200%, the determination of the CGG repeat size at a wider range could facilitate diagnosis
of FXS and screening of premutation carriers for their reproductive planning. The PCR-based
method introduced here is accurate, rapid and robust to amplify the repeat sequences in the
5’UTR of the FMR1 promoter and quantify the full spectrum of CGG repeat numbers on a
microfluidic capillary electrophoresis instrument, and thus can boost its wide application in
molecular diagnosis and screening of FXS and Fragile X-related disorders with less turn-around
time and investment in equipment. The bioanalyzer instrument can be confidently utilized in low
to moderate throughput test settings for repeat size measurement. The equipment is much
smaller, less costly and simpler to maintain than other capillary electrophoresis instruments, such
as ABI capillary genetic analyzers. For high volume screening, the MultiDX system containing up
to 384-sample model provides an extensive flexibility and throughput for the tests.

The assay includes four main steps: PCR amplification of the repeat sequences in the 5’"UTR of
the FMR1 promoter (PCR set-up and PCR amplification takes nearly 3.5 h), purification of the PCR
products (takes nearly 1 h), fragment sizing on a microfluidic capillary electrophoresis instrument
(takes nearly 1 h), and interpretation of the number of CGG repeats using the analysis software
by inferring from the reference standards with known repeats (takes nearly 0.5 h). In total, the
turn-around time of this assay is approximately 6 h. For optimal performance, DNA samples
should be purified to remove putative interfering substances such as proteins and high salt
concentrations. Additionally, the recommended amount of input DNA is 50-100 ng per 20 pL of
PCR reaction. DNA amounts greater than 150 ng per 20 uL of the PCR system have been shown
to result in poor amplification of large repeat alleles. Furthermore, it is strongly recommended
to set up at least two reference samples with well characterized repeat sizes in each PCR run for
simultaneous analysis of repeat numbers as quality control and subsequent automated fragment
sizing in the analysis software?’. Typically, the R? value of the linear regression curve derived
from the reference samples should be greater than 0.98. In addition, the PCR products should be
purified before microfluidic capillary electrophoresis to improve detection efficiency. As the PCR
primer is labeled with FAM fluorescence??, fragment sizing with an appropriate electrophoresis
system (e.g., bioanalyzer and the MultiDX system) can be directly performed without additional
labeling.

A variety of methodologies for the diagnosis and study of FXS and related disorders have been
comprehensively reviewed by Bruce E. Hayward et al., including DNA-based assays and FMRP
protein assays34. As in most cases the molecular basis of FXS is dynamic mutation characterized
by an expansion CGG repeat in the promoter region of FMRP1 gene, Southern blotting and
amplification-based assays by using genomic DNA are the most commonly used assays for
determination of the repeat number. It is well known that PCR-based assays overweigh Southern
blotting in cost-effectiveness and minimum DNA amount requirement. However, amplification
of the CGG-repeat is a main challenge since high GC content can affect the efficiency, and much
effort has been made for the optimization of the PCR system over the years3*. The fragile X PCR
kit has been optimized for accurate amplification of the entire CGG trinucleotide repeats, and a
validation study on the performance of this PCR-based method has been previously reported by
our group®. A similar PCR-based method was reported by Mailick Seltzer et al. in 20123, but the
ABI 3730xl instrument was used for repeat size determination and only individuals with repeat
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size less than 200 were identified. This may be due to the fact that their chosen platform was
unable to detect the larger repeats with repeat size above 200. In contrast, the bioanalyzer
instrument we use offers a more robust fragment sizing assay, as it can accurately and cost-
effectively detect the full spectrum of the FMR1 CGG repeat including full mutations®.

Except repeat number, several other factors also need to be ascertained for appropriate
diagnosis of FXS and FXS-related disorders, including FMR1 mutation, the extent of methylation
and mosaicism34. The methylation status can be monitored by various methods such as
incorporation of pre-digestion steps using methylation-sensitive restriction enzyme or bisulfite
modification assay®*, however, our assay is incapable of determining the methylation status of
the 5’UTR of the FMR1 promoter. Additionally, the expansion risk of a FMR1 allele also depends
on the presence of AGG interruptions, which can stabilize the gene during transmission. PCR-
based repeat assays have been modified to detect AGG-interruptions whereas digestion enzyme
instability is one of the main limitations. Triplet-primed (TP) PCR by using a hybrid PCR primer
binding in CGG repeats or AGG interruptions is another type of PCR assay which can detect CGG
repeat size and AGG interruptions simultaneously. However, the FMR1 gene-specific PCR method
we have described is unable to identify the AGG interruptions unless FMR1 gene sequencing after
the amplification is performed. Recently, Hayward et al. reported the PCR methods used in their
own laboratory for determination all the parameters necessary for a complete genetic workup
or thorough laboratory study, including assays that can detect repeat number, AGG interruption
status and methylation status3®. Unfortunately, neither assay is capable of comprehensively
determining all these factors up to date.

It is worth noting that the assay is unable to detect deletions or single-nucleotide variants within
the FMR1 gene, which accounts for approximately 1% of the FXS cases?’. Rarely, in individuals
who have cellular mosaicism for the FMR1 repeat, PCR may give a false negative result because
of failure in detecting mosaicism for larger premutation and full-mutation alleles3”:38, It has been
demonstrated that the threshold of this PCR-based assay for mosaic full mutation male sample
(341 repeats) is 2.5% when the peak detector threshold is set at three fluorescence units above
baseline?®. Southern blot analysis is recommended in the cases if mosaic alleles are indicated.
Furthermore, with regards to the electrophoresis platforms, previous study has indicated that
compared with capillary electrophoresis systems (e.g., ABI 3130XL instrument), the bioanalyzer
instrument is incapable of differentiating the normal homozygous female samples with individual
fragment peaks from female samples with heterozygous repeat sizes that have repeat number
differences of four or less?°. However, these single-peak samples could be classified as normal,
because it has been validated that this PCR-based pipeline enables robust amplification and
detection of full mutation or premutation alleles, which minimizes the possibility of false negative
in this situation. Regardless of the above limitations, the method can be utilized as a first-tier
pipeline for molecular identification of FXS and Fragile X-associated diseases with cost-
effectiveness, robustness and rapid reporting time, supplemented by sequencing of the FMR1
gene and Southern blot analysis of methylation levels.
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Name of Material/Equipment Company Catalog Number
Agilent 2100 Bioanalyzer instrument: 0.2 mL PCR tubes Axygen PCR-02D-C
Agilent 2100 Bioanalyzer instrument: 1X TE buffer, pH 8.0, Rnase-free Ambion AM9849
Agilent 2100 Bioanalyzer instrument: 2100 Bioanalyzer instrument Agilent G2939AA
Agilent 2100 Bioanalyzer instrument: 96-well PCR Plate Thermo Fisher AB0800
Agilent 2100 Bioanalyzer instrument: Electrode cartridge Agilent
Agilent 2100 Bioanalyzer instrument: IKA vortex mixer Agilent
Agilent 2100 Bioanalyzer instrument: Sizing software 2100 Expert software Agilent
Agilent 2100 Bioanalyzer instrument: Test chips Agilent
Agilent DNA 7500 kit Agilent 5067-1506
Agilent DNA 7500 kit: DNA 7500 Ladder (yellow cap) Agilent
Agilent DNA 7500 kit: DNA 7500 Markers (green cap) Agilent
Agilent DNA 7500 kit: DNA chips Agilent
Agilent DNA 7500 kit: DNA Dye Concentrate (blue cap) Agilent
Agilent DNA 7500 kit: DNA Gel Matrix Vial (red cap) Agilent
Agilent DNA 7500 kit: Electrode Cleaner Agilent
Agilent DNA 7500 kit: Spin Filter Agilent
Agilent DNA 7500 kit: Syringe Agilent
Chip priming station Agilent 5065-4401
Cubee Mini-centrifuge GeneReach aqbd-i
Filter plate vacuum Manifold: MultiScreenHTS Vacuum Manifold Merck Millipore MSVMHTS00
Filter plate vacuum Manifold: Silicone stopper Merck Millipore XX2004718
Filter plate vacuum Manifold: Vacuum pump Merck Millipore WP6122050
Filter plate vacuum Manifold: Waste collection vessel Merck Millipore XX1004705
FragilEase Fragile X PCR kit PerkinElmer 3101-0010
FragilEase Fragile X PCR kit: Sample Diluent PerkinElmer
FragilEase PCR Buffer mix PerkinElmer
FragilEase Polymerase PerkinElmer
FraXsoft analysis software PerkinElmer

NanoDrop ND-2000 Spectrophotometer

Thermo Fisher

Paper towels
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PCR clean up plate: NucleoFast 96 PCR plate

MACHEREY-NAGEL

743100

reference DNA sample

Coriell

NA20240 & NA20239

$1000 96-well Thermal Cycler

Bio-Rad

1852196

TriNEST Incubator/Shaker instrument

PerkinElmer

1296-0050

UltraPure DNase/RNase-Free Distilled Water

Life Technologies

10977015

Vortex-Genie 2

Scientific
Industries

SI-0256 (Model G560E)




Comments/Description

Supplies equipment of the 2100 Bioanayzer instrument

Supplies equipment of the 2100 Bioanayzer instrument

Supplies equipment of the 2100 Bioanayzer instrument

Supplies equipment of the 2100 Bioanayzer instrument

For Fragment sizing

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

In kit: Agilent DNA 7500 kit (catalog number: 5067-1506)

Supplies of Agilent DNA 7500 kit (catalog number: 5067-1506)

Supplies of Agilent DNA 7500 kit (catalog number: 5067-1506)

Supplies equipment of the 2100 Bioanayzer instrument

Vacuum instrument for Filter plate vacuum Manifold for PCR product purification

Filter plate vacuum Manifold

Filter plate vacuum Manifold

Filter plate vacuum Manifold

For PCR amplification

In kit: FragilEase Fragile X PCR kit (catalog number: 3101-0010)

In kit: FragilEase Fragile X PCR kit (catalog number: 3101-0010 ), containing primers. Primer sequences:
TCAGGCGCTCAGCTCCGTTTCGGTTTCA (forward)
FAM-AAGCGCCATTGGAGCCCCGCACTTCC (reverse)

In kit: FragilEase Fragile X PCR kit (catalog number: 3101-0010)




This can be replaced by other Thermal Cyclers (eg. Veriti™ 96-Well Thermal Cycler, Applied Biosystems, catalog number: 4375786)

For 2100 Bioanalyzer electrode cleaning

Conventional vortex mixer
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ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
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“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
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of the Materials; “JoVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole

612542.6  For questions, please contact us at submissions@jove.com or +1.617.945.9051.



jove

VISUALIZED EXPERIM:

discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

ARTICLE AND VIDEO LICENSE AGREEMENT

the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR
Name:

KWong Wai Choy
Department:

Department of Obstetrics and Gynaecology
Institution: The Chinese University of Hong Kong
Title:

Associate Professor

A

Signature: At \'\

Date: 7 Mar 2019

Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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For questions, please contact us at submissions@jove.com or +1.617.945.9051.



Rebuttal letter Click here to access/download;Rebuttal Letter;Rebuttal
letter_20190509.docx

Responses to Editorial comments:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that
there are no spelling or grammar issues. The JoVE editor will not copy-edit your
manuscript and any errors in the submitted revision may be present in the published

version.

Response: Thank you for the suggestion, we have carefully read and corrected the
manuscript.

2. Please revise lines 232-238 and 251-258 to avoid previously published text.

Response: Thank you. We have revised the contents in these lines, please see in the
revised manuscript.

3. Please remove commercial language (e.g., LabChip, Agilent) from the manuscript.

Response: Thank you for the comment. We have proofread the manuscript and avoid
using commercial language in the revised manuscript.

4. Table of Materials: Please combine different sheets and sort the items in alphabetical
order according to the name of material/equipment.

Response: Thank you. We have re-organized the table of material/equipment according
to the suggestion.


https://www.editorialmanager.com/jove/download.aspx?id=1043737&guid=098d468f-9de7-48d5-a50d-9b48308cf997&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1043737&guid=098d468f-9de7-48d5-a50d-9b48308cf997&scheme=1

Responses to Reviewers' comments:

Reviewer #1:

The authors report on a PCR-based method for CGG repeat sizing of FMR1 alleles. The
method is essentially a PCR using specific FMR1 primers lying outside the repeat and a
"Fragile X PCR kit". The amplified products are then visualized by the Agilent 2100
Bioanalyzer. There are several conceptual issues that need to be addressed before the
manuscript would be ready for publication.

1.

Please carefully edit the manuscript for English and spelling.

Response: Thank you for the suggestion, we have carefully read and corrected the
manuscript.

From the Table of materials looks like this is a commercial PCR kit from Perkin Elmer.
What is the difference with those currently available?

Response: Thank you for the comment. Most of the commercial kits are triplet repeat
primed PCR. This is a full length FMR1 gene PCR product under 2.5 hrs with FAM label
allowing it to be analyzed automatically with capillary electrophoresis or microfluidic CE
together with proprietary software.

The authors mention that the PCR system includes reagents that facilitate the
amplification of the highly GC-rich trinucleotide repeat region. Which are these
reagents?

Response: Thank you for the comment. DMSO is used with ammonium sulfate. This is
listed in the MSDS of the PCR kit. The other components are added but they are
proprietary information.

The presented protocol includes an additional step represented by the "Purification of
the PCR products”, which is not necessary in the current PCR based approaches
available.

Response: Thank you. The method we presented was FMR1 gene-specific PCR
amplification and subsequent sizing by microfluidic Bioanalyzer. Since PCR products are
not very specific, purification is needed to eliminate the excess incorporated dyes and
to reduce the possibility of false positives. In addition, PCR product purification can also
increase the performance of Bioanalyzer sizing.

As the author propose this approach as robust and accurate, they really need to discuss
the pro and cons compared to the methodologies that are currently available to date
and used in many laboratories around the world. These included and are not limited to
the usage of triple primer PCR, CGG repeat primed PCR, melting curve. Also see Hayward
etal., 2017 and 2019. These methodologies, which appear to be very robust and



accurate as well, can also distinguish between a homozygous females and a full
mutation female, one of the limitations of the presented approach.

Response: Thank you for the comment. We have added this part of discussion in the
revised manuscript. The review paper by Hayward et al in 2017 is very valuable for
comprehensively understanding the methodologies used for diagnosis of FXS and
related disorders. Furthermore, the recent publication by the same group reported the
PCR assays in their lab to determine all the parameters necessary for a complete
genetic workup or thorough laboratory study. More importantly, the authors
described how to generate suitable standards for the accurate determination of
both the repeat number and the AGG interruption status, which can be helpful for
other laboratories. However, as stated in the review in 2017, neither method reported
by Hayward et al is capable of comprehensively determining all the genetic
abnormalities of FMR1 including full spectrum of CGG repeat numbers, AGG disruptions
and methylation status.

Reviewer #2:

Manuscript Summary:

The manuscript by Wang et al., addresses a need in the Fragile X research community to be
able to accurately measure CGG repeats in the 5' untranslated region of the FMR-1 gene.
The procedure includes PCR amplification of the CGG repeats in the FMR1 gene followed by
capillary electrophoresis. The length of CGG repeats is calculated based on reference
standards. The procedure is straightforward, using standard lab procedures and kits, and
should be able to be carried out in most research labs. Thus, the method is valuable. The
figures nicely show the ability to detect different size repeats.

However, there are two concerns that limit applicability of these methods.
Major Concerns:

1. The FragilEase Fragile X PCR kit is not available in the US or Canada. Thus, many readers
will not be able to reproduce the methods. If the PCR primer sequences are provided, the
method would be complete and enable others to carry it out.

Response: Thank you for the comment. Yes, the FragilEase PCR kit is CE-IVD approved
and currently not available in US or Canada. However, our group has published a
validation study to verify the reproducibility of this FragilEase PCR kit in 2016 (see
reference 29). As stated in that paper, sequences of the primers are from the literature
(Filipovic-Sadic S, et al. 2009. Clin Chem)
TCAGGCGCTCAGCTCCGTTTCGGTTTCA (forward)
FAM-AAGCGCCATTGGAGCCCCGCACTTCC (reverse)
In addition, RUO kit and software can be used in US/Canada after signing a RUO
document provided by PerkinElmer. We hope our publication can share this method
and enable others to carry it in countries that the kit is not available. Primer sequences
were added in the Table of Materials.



2. While a mosaic full mutation patient shows proof of principle in Figure 2, no non-mosaic
Fragile X individual is shown to show generalization to most Fragile x patients.

Response: Thank you for the comment. We have added a non-mosaic full mutation
example in Figure 2 (panel D). Additionally, to make it consistent, we have modified the
X-axis of part of panels by using “bp” instead of “s”.

Minor Concerns:

1. The publication by Mailick Seltzer et al (Am J Med Genet B Neuropsych Genet 2012)
describes a similar protocol that is used to identify premutation repeats. The authors
should discuss and reference this method.

Response: Thanks for the suggestion. We have quoted this reference and discuss in the
revised manuscript. In the publication by Mailick Seltzer et al, the number of FMR1

CGG repeats was determined using a PCR-based protocol similar to ours but

manufactured by another company. The CGG repeat number was assayed by ABI 3730xl
instrument, ranging from 9 to 135, and no full mutation was identified. This could be
due to the limitation that ABI capillary analyzer is not capable of detecting and sizing full
mutation (>200 repeats). We have compared the measurement accuracy between the
Bioanalyzer and ABI 3130x| electrophoresis platform for FragilEase PCR kit amplification
samples in previous study (see reference 29). Bioanalyzer can be confidently utilized to
measure repeat sizes and detect the full spectrum of Fragile X repeat alleles.

2. The authors should discuss the applicability of the method to identify AGGs dispersed in
the CGG repeat.

Response: Thank you. The method we presented was FMR1 gene-specific PCR
technology, it enables accurate amplification of the entire CGG repeat in the FMR1 gene
promoter region. However, AGG interruptions cannot be identified by the presented
method unless FMR1 gene sequencing after PCR amplification is performed. We have
added this discussion in the manuscript.

3. The standard curve presented in Figure 1C assumes that the rest of the line is linear
(above 200 repeats). However, since this is the area of interest of the method, some kind
of reference in this range would be useful.

Response: Thank you. It is true that reference in the range above 200 repeats would be
useful for accurately sizing the CGG repeats. However, the standard curve in Figure 1C
was established following the manufacture’s instruction. Although there is no reference
in the range above 200 repeats, the validation study we published in 2016 (reference
29) has indicated the accuracy of referring the repeat sizes with more than 200 repeats
by using the same kind of standard curve. In that paper, we included three full mutation
reference samples that had only been sized previously by Southern blot and 25 clinical
full mutation samples that have been detected by ABI | capillary electrophoresis system
and evaluated by Southern blot. The CGG repeats of all the reference samples with only
reference characterizations of 200 or >200 repeats were sized with an exact repeat size



(200, 344 and 341 repeats, respectively), and fragment peak size of all clinical samples
were precisely measured ranging from 242 to 1380 repeats. Thus, the current standard
curve is reliable for calculating the repeat size even larger than 200.



