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The human fragile X mental retardation 1 (FMRI) gene contains a (CGG), trinucleotide repeat in its 5’ untranslated region
(5'UTR). Expansions of this repeat result in a number of clinical disorders with distinct molecular pathologies, including
fragile X syndrome (FXS; full mutation range, greater than 200 CGG repeats) and fragile X-associated tremor/ataxia
syndrome (FXTAS; premutation range, 55-200 repeats). Study of these diseases has been limited by an inability to
sequence expanded CGG repeats, particularly in the full mutation range, with existing DNA sequencing technologies.
Single-molecule, real-time (SMRT) sequencing provides an approach to sequencing that is fundamentally different from
other “next-generation” sequencing platforms, and is well suited for long, repetitive DNA sequences. We report the first
sequence data for expanded CGG-repeat FMR] alleles in the full mutation range that reveal the confounding effects of
CGG-repeat tracts on both cloning and PCR. A unique feature of SMRT sequencing is its ability to yield real-time in-
formation on the rates of nucleoside addition by the tethered DNA polymerase; for the CGG-repeat alleles, we find
a strand-specific effect of CGG-repeat DNA on the interpulse distance. This kinetic signature reveals a novel aspect of the
repeat element; namely, that the particular G bias within the CGG/CCG-repeat element influences polymerase activity in
a manner that extends beyond simple nearest-neighbor effects. These observations provide a baseline for future kinetic

studies of repeat elements, as well as for studies of epigenetic and other chemical modifications thereof.

[Supplemental material is available for this article.]

The human fragile X mental retardation 1 (FMR1) gene contains
a (CGG), trinucleotide repeat that is responsible for a number of
heritable disorders affecting both early neurodevelopment and
late-onset neurodegeneration (Willemsen et al. 2011; Leehey and
Hagerman 2012). The repeat element is located in the 5’ untrans-
lated region (5'UTR) of the gene and is thus transcribed into mRNA
but not translated into the FMRI protein product (FMRP). Ex-
panded alleles in the premutation range (55-200 CGG repeats)
result in elevated FMR1 mRNA expression (Tassone et al. 2000) and
are associated with a number of disorders including the adult-onset
neurodegenerative disorder, fragile X-associated tremor/ataxia syn-
drome (FXTAS) (Leehey and Hagerman 2012), fragile X-associated
premature ovarian insufficiency (FXPOI) (Wittenberger et al. 2007;
Sullivan et al. 2011), as well as learning disabilities, autism spec-
trum disorders, ADHD, and seizures (Farzin et al. 2006; Clifford
et al. 2007; Chonchaiya et al. 2012). The molecular pathology of
premutation expansion disorders is generally considered to be
a toxic RNA gain of function resulting from the expanded CGG-
repeat region in the mRNA (Garcia-Arocena and Hagerman 2010;
Ross-Inta et al. 2010; Sellier et al. 2010). Alleles in this range also
show a propensity to expand beyond 200 repeats (full mutation
range) upon maternal transmission, in which case the FMR1 CpG-
island promoter generally becomes hypermethylated and tran-
scriptionally silenced (Willemsen et al. 2011). The resultant loss of
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FMRP expression disrupts early neurodevelopment and leads to
fragile X syndrome (FXS), the most common heritable form of
cognitive impairment and the most common single-gene mutation
associated with autism (Willemsen et al. 2011; Hagerman et al. 2012).

CGG-repeat expansions have been the focus of intense re-
search since identification of the gene in 1991 (Verkerk et al. 1991);
however, the inability to sequence repeat-expansion alleles in the
disease-relevant size range has limited their complete genetic and
epigenetic characterization. Indeed, investigators of the original
gene-discovery study noted their inability to sequence the CGG re-
peats, and other early attempts to use sequencing to characterize the
repeats describe the inability to fully traverse the region (Hornstra
et al. 1993). Whereas PCR and Southern blotting are capable of
genotyping repeat expansion alleles on the basis of DNA fragment
size (Nolin et al. 2003; Saluto et al. 2005; Filipovic-Sadic et al. 2010),
and even identify methylation status and AGG-repeat interruptions
(Chen et al. 2010, 2011; Yrigollen et al. 2012), such methods lack the
single-nucleotide resolution obtained with DNA sequencing and,
more importantly, are severely limited in their ability to detect the
presence of minor alleles. Furthermore, because dideoxyribose se-
quencing strategies (Sanger et al. 1977) and most “next-generation”
sequencing technologies (Metzker 2010) rely on reading signal from
bulk DNA populations, they are limited by the loss of sequence phase
coherence—a particular problem for GC-rich sequence—as well as
decreasing size resolution with increasing DNA length. As a conse-
quence, it is generally not possible to sequence FMR1 alleles in excess
of ~100 CGG repeats, a limit that falls well short of the full mutation
range that is responsible for fragile X syndrome.

A fundamentally different sequencing approach, single-
molecule, real-time (SMRT) sequencing, uses zero-mode waveguide
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(ZMW) nanowells to determine DNA sequence from individual
DNA templates (Fig. 1; Eid et al. 2009). This is accomplished
through real-time observation of individual nucleotide incor-
poration events catalyzed by a single DNA polymerase. This ap-
proach bypasses critical limitations of previous technologies in
the context of highly repetitive sequences such as trinucleotide
expansions. In particular, measurement of the signal from iso-
lated molecules overcomes the problems of sample heterogeneity
(phase-coherence) and diminishing resolution inherent in bulk
sequencing approaches. Since the SMRT sequencing reads are
limited only by loss of activity of individual polymerase mole-
cules, single-molecule readlengths approaching 15 kb (average
readlengths approaching 3 kb) (Rasko et al. 2011; Sebra et al.
2012) can be attained, with improved sequence accuracy achieved
by iteratively sequencing the same SMRTbell circular sequencing
template (circular consensus sequencing [CCS]) (Fig. 1; Travers
et al. 2010).

By utilizing the SMRT sequencing approach for the analysis
of the CGG-repeat region of the FMRI1 gene, we have demon-
strated that it is possible to generate sequence data for FMR1 al-
leles in excess of 750 CGG repeats, which translates to over 2.25
kb of 100% CGG-repeat DNA. We show that this method pro-
duces repeat-size distributions reflective of the distributions
expected from the input (e.g., cloned or PCR-amplified) DNA. We
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Figure 1. Schematic representation of SMRT sequencing. DNA poly-
merase synthesizes a nascent strand complementary to a closed-circular
SMRTbell DNA template. Fluorescent phospholinked nucleotides produce
real-time fluorescent pulse data for both basecalls and incorporation ki-
netics. Inter-pulse distance (IPD) is defined as the time gap between two
consecutive pulses and includes the time taken to move the DNA poly-
merase between base positions on the DNA template. Pulse width (PW) is
the duration of a given pulse and represents the residence time of the
nucleotide at the active site of DNA polymerase, up to the point of in-
corporation and cleavage of the fluorescent tag. Closed SMRTbell se-
quencing templates yield multiple, overlapping subreads of both forward
and reverse strands of the insert, which are then assembled in silico with
the primary consensus core algorithm into circular consensus sequence
(CCS), eliminating randomly distributed pulse-read sequencing errors
(Supplemental Table S1). Note also that although a single enzymatic
misincorporation is indicated for completeness, such errors occur during
polymerization with a frequency that is several orders of magnitude less
than photonic miscall errors and therefore do not contribute to the error
profile.

also demonstrate that by using CCS reads, we are able to identify
AGG “interruptions” within the CGG-repeat tract that are of di-
rect medical relevance (Yrigollen et al. 2012). Our approach
should be broadly applicable to the analysis of other repetitive
elements, particularly those containing high CG content and
possessing short homopolymer runs (e.g., the GGGGCC motif
in 9p-linked amyotrophic lateral sclerosis-frontal temporal de-
mentia [ALS-FTLD]) (DeJesus-Hernandez et al. 2011; Renton et al.
2011). Finally, SMRT sequencing possesses the unique capability
of analyzing the kinetics of individual DNA polymerase mole-
cules, and we show clear, strand-specific transitions within the
CGG-repeat region, which should facilitate future studies of dif-
ferential methylation.

Results

To examine the ability of SMRT technology in sequencing tri-
nucleotide repeats, we created and sequenced SMRTbell libraries of
FMR1 DNA directly from plasmids harboring alleles of nominally
36 and 95 CGG repeats, and by PCR-amplification from genomic
DNAs, with nominally 29, 100, and 750 CGG repeats (Table 1).
Each library was sequenced at least in duplicate, with the number
of sequencing runs indicated as the number of SMRT cells. The
following analyses were run on the pooled data across all se-
quencing runs, filtered for quality. Overlay of size distributions
produced by each of four individual SMRT cells shows little vari-
ability across sequencing replicates of the same library (Supple-
mental Fig. S1).

SMRT sequencing of short CGG repeats

CCS reads of the 36 CGG-repeat plasmid show clear sub-
populations of 34, 35, and 36 repeats (Fig. 2A). Comparing the size
distribution of the flanking regions to the repeat regions (Fig. 2B)
indicates that length heterogeneity originates entirely from the
repeat region. We used alignment to a 36 CGG FMRI reference
sequence to determine the accuracy of each single-molecule con-
sensus read. As previously demonstrated, increasing the number of
intramolecular subreads—that is, the number of subreads used to
assemble a single CCS read—results in higher accuracy of the
resulting sequence (Fig. 2C; Travers et al. 2010). Relative to the
high accuracy achieved in the flanking regions, the lower apparent
accuracy for the repeat region is in part an artifact of using a single
reference (Fig. 2C). By comparing the accuracy achieved using
a single reference to the accuracy resulting from using a reference
whose repeat section length is matched per molecule, a 3%-4%
improvement in the measured accuracy of the repeat section can
be achieved (Supplemental Fig. S2).

SMRT sequencing of mid-size CGG repeats

CCS reads of the 95 CGG-repeat plasmid reflect the biology un-
derlying the library construction with sequenced populations of
full-length 95 CGG repeats, as well as smaller molecular species
resulting from deletion of the repeats in Escherichia coli (Fig. 3A). A
close-up comparison of the flanking sequence to the repeat se-
quence shows an increase in sporadic single-base insertions and
deletions, mostly within the CGG-repeat region (Fig. 3B). As with
the 36 CGG sequence, length heterogeneity originates entirely
from the repeat region (Fig. 3C). Despite the sample heterogeneity,
we are able to clearly detect the presence of a single AGG poly-
morphism 15 repeats into the CGG region; this observation was
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Table 1. Summary of sequencing statistics

Nominal Library No. of No. of Median CCS Mean CCS Mean full NCBI SRA
repeat size origin SMRT Cells CCS reads readlength (nt) coverage (fold) readlength (nt) accession no.
36 Plasmid 4 87,116 277 10.7 2964 SRS363946
95 Plasmid 4 8140 761 4.0 3044 SRS363949
29 PCR 2 17,110 310 8.5 2635 SRS363944
100 PCR 2 2995 520 4.8 2496 SRS363948
750 PCR 6 1302 2342 3.2 7494 SRS363950

Since the 750 repeat-size allele is most affected by loading bias, the analysis is restricted only to those reads that achieve CCS readlengths of greater than

2,000 nt.

independently confirmed by Sanger sequencing (Supplemental
Fig. §3).

SMRT sequencing of discrete CGG-repeat alleles within
full-mutation allelic distributions

To determine if our approach would have the ability to sequence
alleles that are well into the full-mutation range, we sequenced
a library from a PCR-amplified allele, size-genotyped at ~750 CGG
repeats (well beyond what can be cloned in bacteria) (Fig. 4). We
generated more than 1000 CCS reads >2 kb in length (Fig. 4B; Table
1), each assembled from raw readlengths in excess of 6 kb, con-
taining at least three passes through over 2000 bases of 100% GC
repetitive sequence. The observed distribution of loading-bias—
corrected readlengths distribution (Supplemental Fig. S4; Supple-
mental Table S2) has a mode of 2425 bp, equivalent to 720 CGG
repeats plus flanking sequence (Fig. 4B). This CGG-repeat mean
differs from the gel electrophoresis-sizing of the PCR fragment
used to make the library, although the difference falls well within
the 5%-10% tolerance limits for such size measurements.

The lower accuracy of the sequence of this library (Fig. 4A) is
a result of several factors. First, the average number of passes that
contribute to each consensus read for the 750 CGG library is less
than for the shorter libraries (Figs. 2, 3) due to a much larger insert
size dividing into the same average raw readlength distribution
(Table 1). Specifically, the 10.7 average
number of passes obtained from the
36-repeat plasmid sample is expected to
produce a mean accuracy of >99% (Sup-
plemental Table S3), whereas the average
of only 3.2 passes for the 750-repeat
sample would translate into a mean ac-

heterogeneity is contributed by the CGG-repeat region and to
determine if this heterogeneity is due to an underlying pop-
ulation heterogeneity, we compared the standard deviation of
subread lengths within the same CCS read (intramolecular) to the
standard deviation of subread lengths sampled across different
CCS reads (intermolecular) (Fig. SA). Consistent with an intrinsic
sample heterogeneity that is localized to the repeat region, the
standard deviation of that section, calculated across molecules
(intermolecular) shows the largest values, especially for larger
allele sizes (nominally 95 and 100 repeats). The subreads from
two examples of CCS reads (95 CGG-repeat sample) illustrate the
general intramolecular agreement relative to intermolecular read-
length diversity (Supplemental Fig. S5).

Comparison of the CGG-repeat readlength distributions for
PCR- and plasmid-derived libraries at 30 (Fig. 5B) and 100 (Fig. 5C)
CGG repeats clearly reflects the biology underlying the source of
each library. PCR-generated DNA produces a broader size distri-
bution than plasmid-cloned DNA for both size ranges (Fig. 5B,C).

Polymerase kinetics within the CGG-repeat region reveal
strand-specific and position-specific differences
in polymerization rates

By measuring rates of individual nucleoside—polymerase associa-
tion events during the process of DNA synthesis within ZMWs, our

curacy of ~98% for the flanking sequence i € 100

and ~92% for the repeats. Second, since —Repeats 98 M Repeats
this repeat expansion size has the widest :;‘;;hf';’,;*;k | Eos B Left Flank
distribution of lengths, comparison to g §Fw B Right Fiank
a single reference will yield greater align- g05 i 8 ee

ment discrepancies for this sample. Fi- = g

nally, these observations also underscore JN\/\ a8

the fact that PCR is in general—and in 0 i 86 | | | |

particular for repetitive sequence—prone 0 60 Lenag?h i 100 120 L . >5

to far more replication errors than those
introduced in vivo by bacterial DNA rep-
lication (Fig. 5B,C).

Figure 2. SMRT sequencing of short CGG repeats. (A) Sequence alignment of representative reads
from a library of plasmid-derived FMR1 sequence with nominally 36 CGG repeats. Three major CGG-
repeat size species are observed. Flanking and CGG-repeat regions are delineated by vertical tick marks.

(B) Frequency of sequence lengths in the top 1000 reads (by predicted quality) plotted by region as
indicated. Three major peaks observed in the repeats (red) correspond to 34, 35, and 36 repeats as seen

Quantifying the readlength
heterogeneity

in A. Both the left (green broken line) and right (blue) flanking sequence regions are uniform. (C)
Accuracy by alignment to reference of each region of the insert increases with each successive pass of

consensus coverage, saturating after four subreads for the flanking regions. Accuracy of the reads within

To further bolster the evidence that in-
deed the majority of the readlength

the CGG-repeat region has improved through the use of reference sequences corresponding to the
individual lengths within the distribution (see Supplemental Fig. S2).

Genome Research 123

www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 18, 2026 . Published by Cold Spring Harbor Laboratory Press

Loomis et al.

B IR llW'-‘J-JGW'EIW@Glﬁmﬁ-ﬁﬂz5'1-0‘-1WUG‘IJIiB‘UUGI’GIDG‘WKG’IWI‘JGI’OIJG‘WIGWUWUI?E EIWI

B G 6o I o S B 6 5080 oo B ol o G oo B ollos B oo ool B
Bl O & my HH
EEcGR CECREC N L

GG G
GG

GEmSGEEG
Bechee

o
oo=
Moo

— Repeats
--- Left Flank
—— Right Flank

Frequency

o
=

% 160 260 300 400 500
Length (nt)

Figure 3. SMRT sequencing of a mid-premutation CGG-repeat expansion (approximately 95 CGG
repeats). (A) Sequence alignment of representative CCS reads from a library of plasmid-generated FMR1
sequence; note that the original construct was generated from PCR-amplified genomic DNA followed
by bacterial clonal selection. Sporadic single-base additions and deletions result from comparatively
lower CCS coverage than the smaller repeat library; upper and lower sets represent sample CCS reads
from the main peak at ~280 nucleotides and from the smaller, broad distribution, respectively; hori-
zontal lines indicate the CGG-repeat regions. (B) Expanded view of the transition from flanking se-
quence into the CGG repeats. An AGG repeat (boxed) is unambiguously recognized in all reads,
demonstrating the utility in genotyping polymorphic CGG-repeat interruptions. (C) Frequency distri-
bution of sequence lengths in the top 1000 reads plotted by region. A major peak is observed in the
repeats (red), with minor peaks generally corresponding to units of single repeats, and a spread of
shorter fragments produced by bacterial deletion of the CGG repeats. Both left (green broken line) and
right (blue) flanking sequence regions are uniform.

previously as reporting on secondary
structure and base modification (Eid et al.
2009; Flusberg et al. 2010). For the ki-
netics analysis, we used SMRTbell tem-
plates generated from the 36 and 95
CGG-repeat plasmid DNAs; these species
permitted a sufficient number of passes to
provide well-defined repeat size distribu-
tions and statistics for the IPDs for each
base position.

Analysis of the IPD data for the
normal alleles and mid-range premutation
alleles reveals several distinct features.
First, the variation in IPDs within the
flanking sequences, even within short
CGG-repeat or G-stretches, is much
broader than within the CGG-repeat re-
gion itself, which is a reflection of the
previously described sequence context
effect on polymerase kinetics (Fig. 6A,B;
Flusberg et al. 2010). Second, within the
CGG-repeat region itself, there is an in-
crease in the IPD prior to G incorporations
(when using the CGG strand as a tem-
plate) that commences at the fourth re-
peat from the flank in both short (Fig. 6A)
and mid-size (Fig. 6B) CGG repeats. This

data reveal strand-specific differences in the rates of polymeri-
zation both within the CGG-repeat region and in the region of
transition between the flanking sequence and the repeats (Fig. 6).
The principal outcome measure for the time-domain measure-
ments is the interpulse distance (IPD), which represents the time
delay from a nucleotide incorporation event (loss of fluorescent
probe from the nucleoside) and the association of the next
(incoming) nucleotide triphosphate (Fig. 1). The other outcome
measure is the pulse width (PW), which reflects the dwell time
of the fluorescently labeled nucleoside prior to its incorpora-
tion. Such SMRT kinetic measurements have been described

observation likely reflects a context-dependent local DNA confor-
mation experienced by the polymerase as it moves into the CGG-
repeat region; the upward IPD shift at the fourth repeat is consistent
with the previously observed kinetic footprint of the enzyme
(Flusberg et al. 2010). There is no corresponding shift in G in-
corporations in the CGG read (synthesizing) sequence (GCC tem-
plate). Finally, there is a slight diminution of the IPD for the second
C residue following a G incorporation in each trinucleotide repeat
of the synthesized GCC strand (i.e., CGG template strand).
Interestingly, while the G IPD shift is uniform within the 36
CGG-repeat sample, the 95 CGG sample shows two perturbations:

0 1000 2000 3000
Readlength (nt)

Figure 4. SMRT sequencing of a full mutation allele of (nominally) 750 CGG repeats. (A) Representative CCS sequences from a library of PCR-amplified
FMR1 genomic DNA. These reads are the result of reading through >2 kb of CGG repeats at least three times. (B) Size-corrected distribution of sequence
lengths in the sequenced library plotted by region. PCR amplification creates a broad distribution of repeat sizes with a mode at 720 repeats.
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broadly, the current work serves as a proof
of concept for the study of additional re-
peat expansions that are associated with
other diseases, such as myotonic dystro-
phy (Lee and Cooper 2009; Sicot et al.
2011), Huntington’s disease (Reiner et al.
2011), Friedreich’s ataxia (Koeppen 2011),
and the recently discovered hexanucleo-
tide (GGGGCC) repeat disorder ALS-FTLD
(Braida et al. 2010; Hannan 2010; DeJesus-

—&- Right flank

Hernandez et al. 2011).

Accuracy determines the utility of
sequence data in a manner that depends
on the goal of a particular study (e.g.,
trinucleotide-expansion genotyping ver-
sus bisulfite mapping of methylation
events). CCS reads produce high-accuracy
consensus sequences; however, if there is
repeat-size heterogeneity, then compari-
sons of CCS reads to a single reference will
give the appearance of lower accuracy
within the repeat region that does not
match the intermolecular consistency
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Figure 5. Analysis of the SD in read length for CGG-repeat-containing FMR1 alleles. (A) Mean SD
comparison between inter- and intramolecular subreads for the two plasmid- (underlined tick labels)
and PCR-generated libraries. Higher intermolecular (versus intramolecular) SDs are apparent only for the
repeat region, consistent with the presence of complex populations of repeat sizes. (B,C) Comparisons
of CGG-repeat size distributions for plasmid- and PCR-generated CGG-repeat—containing DNA for (B)
normal (~30 CGG repeats) and (C) premutation (~100 CGG repeats). Broader distributions for PCR-
generated fragments reflect errors associated with PCR amplification of CGG-repeat elements.

a perturbation in both C (increased IPDs) and G (reduced IPDs)
kinetics that colocalizes with the previously described AGG poly-
morphism (Fig. 6B upward arrow), and an increased C IPD at the
location of a TGG variant. Further analysis is required to determine
what role these perturbations might play in the molecular mech-
anisms underlying the described effect of AGG interruptions on
CGG-repeat expansion (Yrigollen et al. 2012), since the current
kinetics are set within an artificial context.

Discussion

We demonstrate the ability of SMRT sequencing technology to
sequence expanded CGG repeats of the FMRI gene, including the
first demonstration of sequencing CGG-repeat elements extend-
ing well into the full mutation repeat range. This sequencing
methodology does not appear to be adversely influenced by CGG-
repeat expansions that exceed 750 repeats (>2 kb of 100% CG),
suggesting that the upper limit of productive sequence is limited
only by those factors that govern the productive lifetime of the
polymerase, itself a function of light intensity and other factors
within the ZMWs, and the desired number of subreads within in-
dividual CCSs (Rasko et al. 2011; Sebra et al. 2012). These results
demonstrate that FMR1 alleles can be readily sequenced through

of the flanking regions. Errors resulting
from PCR amplification or plasmid repli-
cation used to generate our libraries lead
to accurate sequence that would appear
erroneous in comparison to an idealized
reference sequence. Additionally, disper-
sion in the exact repeat number within
each library complicates intermolecular
alignments. The superior intramolecular
versus intermolecular subread agreement
(Fig. 5A) supports the conclusion that
CCS reads are more accurate than is apparent in the estimates of
accuracy based on agreement to a single reference. It is especially
important to note that the sensitivity of this sequencing approach
to substitution variants (Fig. 3B), and the ability to penetrate long-
repeat regions, will also facilitate AGG-interruption genotyping
and the identification of other sequence variants deep within this
repeat region and others (Braida et al. 2010).

The accuracy observed in the sequence flanking the CGG-
repeat region (Fig. 2C) at threefold and greater single-molecule
coverage produces sufficiently accurate sequence (median ap-
proaching 100%) to make variant determinations, and we are
able to achieve this level of coverage with even the largest CGG
repeat in this study (Fig. 4). We demonstrate the ability to sequence
through very large repeat expansions, but mechanistic studies are
likely to focus around the ~200 CGG-repeat threshold for pro-
moter methylation and gene silencing. For CGG-repeat alleles
around this threshold, one would need a raw readlength of ~2.4
kb, which is shorter than the average raw readlength reported here
(Table 1) and is thus easily attained in future studies to map
methylation patterns at the promoter and inside the CGG repeats.

The different repeat-size distributions observed for different
methods (plasmid versus PCR) to generate the DNA for se-
quencing libraries (Fig. 5B,C) demonstrates the utility of the
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Figure 6. Time-domain analysis with mean IPD values faceted by base, colored according to the strand being synthesized (CGG, red; GCC, blue), and
synchronized by aligned template position. (Error bars) SD from 200 reads. Vertical black lines demarcate the start and end of the repeat region per
sample. The IPD, as illustrated in Figure 1, is the time interval from the end of the previous incorporation pulse to the start of the current incorporation
pulse. (A, C) 36-mer sample shows an increased G IPD inside the repeat region only for the GCC strand. (B,D) 95-mer sample with the same increased G IPD
only for the GCC strand, with a dip localized to an AGG interruption (arrow). (C,D) Expanded view of the start of the repeat region for both 36-mer (C) and

95-mer (D) reveals that the IPD increase begins at the fourth CGG repeat.

SMRT sequencing platform to characterize the size distribution of
the input DNA samples. This issue is of particular importance for
those genetic elements where there is a high degree of allele-size
mosaicism with multiple alleles present in individual males (Nolin
et al. 1994), or where the complexity of the sequence is very low
(e.g., microsatellite regions). Our observations also underscore the
need for better methods for initial generation of DNA species for
downstream functional studies, that is, for highly repetitive se-
quence elements such as the CGG-repeat alleles studied herein.
Errors introduced through PCR and/or the limitations of cloning
repetitive sequences obscure the original population of size spe-
cies. To define true size distributions from patients, we will need to
sequence chromosomal DNA directly, which presents a separate
set of technical hurdles. Otherwise, this technology is immediately
useful in validating exogenous CGG model constructs (i.e., ex-
pression plasmids or transgenic animal models) and in several
other PCR-based methods previously not possible, like chemical
footprinting inside the CGG repeats. Additionally, the use of
unique-sequence identifiers (“barcodes”) and sample multiplexing
could eventually allow for high-throughput genotyping for pop-
ulation screening at a fraction of the current cost.

Passive loading of the SMRT cell results in a selection bias for
the loading of smaller alleles into the ZMWs and, consequently,
a length bias of the counts of alleles (Supplemental Fig. S3). To
address this bias in the short term, we have used equimolar mix-
tures of size standards as a means for normalization of broad allele
distributions; a longer-term solution, currently in development,
would involve an active loading approach that significantly re-
duces this bias. This issue is important both for improving counts
and sequence information for the longest alleles in a size distri-
bution (e.g., mosaicism) and for accurate estimates for allele-size
distributions.

In generating sequence data for large CGG-repeat expansions,
we have simultaneously produced the first single-molecule DNA
polymerase kinetic data within this repeat sequence. This time-
domain (IPD) information reports on the DNA conformational
landscape experienced by the polymerase as it traverses the se-
quence, albeit in a manner that we have not analyzed, and is
clearly sensitive both to local and more regional sequence ele-
ments (e.g., Fig. 6C,D). In particular, we have observed that IPD
increases at positions of G incorporation that coincide with the
template C residue of the CGG template strand and that the in-
creases are independent of the length of the CGG-repeat region.
Moreover, the relative constancy of the IPD within the repeat re-
gion relative to the broad variation of IPD in the flanking regions
is further evidence of the previously described context effect on
polymerase kinetics (Flusberg et al. 2010). These observations thus
establish a clear foundation for the detection of epigenetic modi-
fications within the CGG-repeat region, which has not been pos-
sible at the nucleotide level for full mutation alleles that are
epigenetically silenced in FXS. It is also possible that the kinetic
differences between the two strands of the CGG-repeat sequence
are related to the poorly understood mechanism of repeat in-
stability (Yrigollen et al. 2012), especially in light of the observed
drop in IPD at the position of an AGG-repeat polymorphism.

In summary, we have presented a novel approach to the
characterization of expanded CGG-repeat alleles of the FMR1 gene,
utilizing a new sequencing technology (SMRT sequencing) that is
not intrinsically limited by tracts of 100% CG repetitive DNA that
exceed 2 kb. This sequencing methodology is applicable to many
other sequence elements of low complexity or expanded-repeat
elements, many of which are associated with neurodegenerative
disorders for expanded-repeat alleles. With the development of
more advanced library preparation methods, this approach is
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expected to fill a critical need for screening large populations for
expanded-repeat alleles—in the current instance, for expanded
CGG-repeat alleles of the FMRI gene that are associated with
neurodevelopmental, reproductive, and neurodegenerative disor-
ders. Research in the 20 years since the discovery of the FMRI gene
has been limited by the overall intractability of expanded CGG
repeats to otherwise standard molecular techniques (PCR, cloning,
sequencing). SMRT sequencing, as we have applied here, finally
allows the potential for a complete genetic and epigenetic char-
acterization of this, and other repeat-expansion/microsatellite
genes, through massively parallel base-resolution sequencing
studies.

Methods

Generation of subcloned fragments

FMR1 sequence containing 36 CGG repeats was cloned using
pSmart (Lucigen); the FMR1 sequence containing 95 CGG repeats
was cloned according to the method described previously (Chen
et al. 2003). Fragments containing the repeats and flanking FMR1
sequence were digested with BlpI and Nhel (36 CGG) and PstI (95
CGQG), gel-purified (0.8% Agarose), post-stained with SYBR Gold
(Life Technologies Corporation), and further purified using QIA-
Quick Gel Extraction columns (Qiagen).

Generation of PCR fragments

Genomic DNA containing FMR1 alleles with either 29, 100, or
~750 CGG repeats was harvested from cultured, human dermal
fibroblasts. Individual FMR1 alleles were amplified with AmplideX
FMR1 PCR reagents (Asuragen) using primers identical to those
specified in the commercial kit but lacking a fluorescent tag. The
750 CGG-repeat allele was Agarose gel-purified (0.8% Agarose) as
described for cloned fragments.

Construction and sequencing of SMRTbell libraries

SMRTbell sequencing libraries were constructed, as previously
described (Travers et al. 2010), using the DNA Template Prep Kit 1.0
(Pacific Biosciences). Purified, closed circular SMRTbell libraries
were annealed with an RNA sequencing primer complementary
to a portion of the single-stranded region of the hairpin and with
the sequence 5'-ApAnCinGmGmAMGmGmAmGGAGGA-3'; N de-
notes a 2’0OMe modification to the ribose backbone to enhance
primer stability. The size-standard ladder (see Supplemental Methods)
was formed by separately annealing equimolar amounts of each
SMRTbell template (50 nM each, 200 bp, 650 bp, 1 kb, 2 kb) with
a 20-fold molar excess (1 wM) of the sequencing primer. For all
other SMRTbell libraries, annealing was performed at a final tem-
plate concentration between 40 and 60 nM, with a 20-fold molar
excess of sequencing primer. All annealing reactions were carried
out for 2 min at 80°C, with a slow cool to 25°C. Annealed templates
were stored at —20°C until polymerase binding.

DNA polymerase enzymes were stably bound to the primed
sites of the annealed SMRTbell templates using the DNA Poly-
merase Binding Kit (Pacific Biosciences). SMRTbell templates (3 nM)
were incubated with 9 nM of polymerase in the presence of
phospholinked (Pacific Biosciences) nucleotides for 4 h at 30°C.
Following incubation, samples were stored at 4°C. Sequencing was
performed within 36 h of binding. Each sample was sequenced as
previously described (Rasko et al. 2011) using commercial se-
quencing chemistry. Sequencing data collection was performed on
the PacBio RS (Pacific Biosciences) for 75 min in each case.

Readlength histogram analysis

The standard output from a PacBio RS run includes both a raw
FASTQ file and a CCS, FASTQ file. The raw FASTQ file contains all
of the photonic events judged to be bases during data acquisition
for every ZMW (75k per movie). The CCS FASTQ file, on the other
hand, contains the subset of the raw reads that achieve at least four
hits to the adaptor sequence that comprises the two ends of the
SMRTbell template (Fig. 1). For each such read, the adaptors are
stripped and the best consensus sequence is constructed from
the resulting set of repeated passes through the insert region of
the SMRTbell (both the forward and reverse strands are used)
(see Supplemental Fig. S4). The predicted per-base quality values,
QVy, contained in the CCS FASTQ file are used to create a single,
per-CCS-read accuracy by converting to a linear scale and taking
the average (Accuracy = 1 — <10"(—QVyp/10)>). By performing
local-global alignments of the reference flanking regions to the
CCS reads, the start and end of the repeat region can be determined,
which allows the lengths and regional accuracies of the separate re-
gions to be determined. All of the readlength histograms shown in
Figures 2 through 4 include the top 1000 reads for each sample type
as determined by the overall predicted quality value of the read.

Standard deviation analysis

An analysis at the raw read level was performed in order to assess
the inter- versus intramolecular variation. Again, a local-global
alignment of the reference flanks to the raw read was carried out
(including both strand directions) in order to obtain all of the start
and end coordinates of the flanking and repeat regions. The in-
tramolecular variation was obtained by taking the standard deviation
in the lengths of a single molecule’s subreads. The intermolecular
variation is calculated by taking the standard deviation of the lengths
of 10 randomly sampled subreads across the molecules. The number
10 was chosen to yield equivalent levels of confidence between the
inter- and intramolecular calculations. The number of intermolecular
samples was taken to match the 200 intramolecular values (one
standard deviation calculation for each molecule) of the top-quality
reads included in the readlength histograms.

Analysis of enzyme kinetics

To perform the kinetics analyses, the pls.h5 output file was used
to link alignments to pulse parameters. First, a loose pattern-
matching alignment (with 30% indel allowance) to the flanks was
performed on the raw reads, with requirements on separation-
distance consistency between different passes present in the raw
read. The entire region between the start of one flank and the end
of the subsequent flank was aligned using a local-global align-
ment approach to the putative reference sequence. Then, the PW
and IPD of each pulse associated with the alignment were tabu-
lated, allowing averages of kinetics to be taken for each alignment
position across multiple molecules or within one molecule.

Data access

Raw sequence data have been submitted to the NCBI Sequence
Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under acces-
sion no. SRP015790, as well as the PacBio developer’s network
(DevNet) website (http://www.smrtcommunity.com/Share/Datasets/
Fragile-X).
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