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Scientists at UC Davis School of Medicine have used the 
PacBio® RS to sequence a previously “unsequenceable” 
region of highly repetitive DNA on the X chromosome.  
Their research has provided a critical leap forward in 
understanding the genetic complexity of repeat expansion 
disorders such as Fragile X Syndrome. The new method 
provides a path towards the first accurate means of 
population screening for Fragile X Syndrome, which is the 
most common cause of inherited intellectual disability and 
the most common known genetic cause of autism.

Imagine this: you’re a scientist who has spent decades 
studying a serious medical condition whose genetic basis 
is well understood, and for which the clinical outcome 
can change dramatically with just two point mutations 
in a stretch of hundreds of DNA bases. The catch is that 
no molecular biology technique can fully or accurately 
characterize this region — so you can offer patients 
and potential carriers little information about their own 
prognosis.
For Paul Hagerman, this is no hypothetical scenario. As 
a professor of biochemistry and molecular medicine at 
the University of California, Davis, he has spent the better 
part of the last 30 years trying to parse the molecular 
biology of Fragile X Syndrome. This is one of the leading 
causes of heritable cognitive impairment and autism, and 
its biological cause is well established: an expansion of 
the CGG repeat sequence in the 5’ UTR of a gene called 
FMR1, located on the X chromosome. Still, interrogating 
this stretch of DNA has defied sequencing, gels, and other 
analysis tools aimed at it.

Most people have just 25 to 35 copies of a three-base 
“CGG” sequence repeated in their FMR1 gene. However, 
due to instability of the DNA in this highly similar tandem 
repeat region, there’s a tendency for the three-base 
sequences to expand between generations in a family. 
When the number of CGG repeats expands to more 

than 200 copies, the full disease presents itself. There’s 
another clinically distinct, adult-onset disorder called 
FXTAS (fragile X-associated tremor/ataxia syndrome), 
which results from having between 55 and 200 copies of 
the CGG repeat sequence, and a separate disorder called 
Fragile X-associated Primary Ovarian Insufficiency (FXPOI) 
which affects women who carry the Fragile X genetic 
mutation. 
Due to both the size (>600 bp) and sequence composition 
(100% GC content) of the repeat’s genetic variation, these 
Fragile X-associated disorders seem tailor-made to 
resist sequencing technologies. Both Sanger and next-
generation sequencing (NGS) approaches often have 
trouble with GC-rich template sequence, and struggle to 
sequence through these repetitive regions, which typically 
span well past the few hundred bases in reads from NGS 
technologies.
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“PacBio has the capability of generating long 
reads that would be essential for studying 

simple repeat expansions of any kind.”
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But Hagerman has pushed through 
these challenges and made history 
with the recent publication of the 
first reported sequence data covering 
a full mutation of CGG repeats in 
FMR1. (Loomis et al. “Sequencing 
the unsequenceable: Expanded 
CGG-repeat alleles of the fragile 
X gene,” Genome Research.) This 
major advance was made possible by 
Single Molecule, Real-Time (SMRT) 
Sequencing from Pacific Biosciences, 
which offers read lengths in the 
thousands of bases as well as 
other advantages, including a lack 
of GC bias, that were ideally suited 
to the challenge of the CGG repeat 
expansion.
The paper from Hagerman’s lab 
offers a critical leap forward not just 
for the Fragile X community — where 
he believes this technology could 
usher in a new approach to screening 
— but also for scientists and 
clinicians focusing on any one of a 
few dozen conditions characterized by 
repeat expansions.  These conditions 
are clinically described as repeat 
expansion disorders, based on the 
type of genetic variation causing the 
disease, and include Huntington’s, 
ALS, and myotonic dystrophy. The new 
SMRT Sequencing approach provides 
an opportunity to study the genetic 
complexity of the repeat sequence 
underlying these disorders, some for 
the first time, just as Hagerman has 
demonstrated for the FMR1 mutation. 
This new approach may also prove 
useful for discovering novel repetitive 
regions that are genetically causative 
for neurodegenerative disorders 
(including ALS, autism, and others) 
that are missed by current GWAS 
and whole-genome sequencing 
approaches.

The Intricacies of Fragile X
Fragile X Syndrome, which was 
described clinically by the early 
1980s and linked to FMR1 in 1991, is 
commonly associated with autism and 
cognitive impairment among people 
who have the full mutation of 200-
plus CGG repeats. It is often passed 
on by women in the pre-mutation 
range, whose children will likely have 
the full mutation.

Years ago, conventional wisdom 
around Fragile X said that the in-
between group of pre-mutation 
carriers with 55 to 200 repeats would 
have no clinical symptoms. However, 
Hagerman notes, clinicians studying 
the disorder recognized that this 
did not seem to be the case. The 
standard model for Fragile X wasn’t 
making sense in light of the clinical 
findings, which led Hagerman to 
dive into the biochemistry of what 
might be occurring. “We started 
to look into it and discovered that 
the gene was producing too much 
RNA, sometimes five to ten times 
more RNA than normal. That excess 
RNA was toxic and gave rise to the 
neurodegenerative disorder FXTAS 
and probably other disorders in the 
pre-mutation range,” he says. “It was 
the fact that carriers were affected 
that got me to look closely at why 
they would be affected, because the 
genetic model did not predict that.”

Indeed, other conditions now 
associated with the pre-mutation 
range include cognitive and 
behavioral problems, seizures, 
premature menopause, and more. “If 
you look at this gene from a distance, 
it’s responsible for the single leading 
cause of cognitive impairment, the 
single leading known gene associated 
with autism, the single leading known 
gene associated with early ovarian 
failure, and an important single-
gene form of neurodegeneration,” 
Hagerman says. “If you roll that all 
up, we’re talking about 1.5 million 
individuals in the United States alone. 
And if you think of all the individuals 
where there’s an indication for 

screening, then you’re really talking 
about upwards of 10 million.”
In order for screening to be 
successful, it will have to account 
for the full complexity of the FMR1 
mutation possibilities. For example, 
Hagerman and his colleague and co-
author Flora Tassone recently found 
that AGG repeats within the CGG 
repeat region “are very important in 
determining the propensity for having 
a child with Fragile X syndrome.” A 
mother in the pre-mutation range 
— with, say, 75 repeats — who has 
two AGG interruptions in that region 
will pass on a full-mutation allele 
to a child only about 15 percent or 
20 percent of the time. If she has no 
AGG interruptions, those odds go 
up to about 80 percent. “We’re just 
talking about two single A’s about 
30 nucleotides apart,” Hagerman 
says. “But from a genetic counseling 
perspective, that’s a huge difference.”
The challenge in the Fragile X 
community to date has been the 
inability to sequence the alleles 
with the CGG repeat expansions 
to determine the exact number of 
repeats present, along with high 
enough accuracy to find small 
changes within the repetitive region 
— for example, those two AGGs in 
the crowd of CGGs. “Short-read 
technologies are incapable of looking 
at it,” Hagerman notes. “If you can 
only read a few hundred nucleotides, 
you get lost in the CGG repeat.” 
Instead, scientists relied on Southern 
blots and PCR products, which 
offered rough sizing and detection of 
the AGGs; but for the larger repeat 
sizes, lacked the ability to precisely 
position the AGGs in the sea of CGGs.

A SMRT® Approach
That all changed when Hagerman 
learned of PacBio’s SMRT Sequencing 
technology. He heard about it from 
the UC Davis Genome Center, which 
was slated to get one of the early 
placements of the instrument. “I read 
some of the papers that had been 
published by the PacBio people and 
realized almost immediately that this 
is what we wanted,” he recalls. He 
was so convinced that this technology 
would succeed where others had 

“These observations 
establish a clear foundation 

for the detection of 
epigenetic modifications 
within the CGG-repeat 

region, which has not been 
possible at the nucleotide 

level for full-mutation alleles 
that are epigenetically 
silenced in Fragile X 

syndrome.”
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failed that he couldn’t wait for the 
instrument to arrive, and instead 
went directly to the company to 
establish a collaboration for a Fragile 
X project. The Loomis et al. paper in 
Genome Research, with its successful 
sequence of a full mutation in FMR1, 
is the first product of that partnership.
“Utilizing the SMRT Sequencing 
approach for the analysis of the 
CGG-repeat region of the FMR1 
gene, we have demonstrated that 
it is possible to generate sequence 
data for FMR1 alleles in excess of 
750 CGG repeats, which translates 
to over [2,250 bases] of 100% CGG-
repeat DNA,” the authors write in the 
Genome Research paper. They also 
demonstrated the ability to precisely 
locate “AGG ‘interruptions’ within the 
CGG-repeat tract that are of direct 
medical relevance.”
With multi-kilobase average read 
lengths and no GC bias, the PacBio 
RS allowed for sequencing several 
samples with varying numbers of 
repeats. Flanking sequence accuracy 
approached 100 percent, while 
accuracy in the repeat region was 
generally better than 99 percent. 
In all likelihood, Hagerman would 
have been pleased with just the 
landmark report of a full-mutation 
sequence of this region of FMR1. 
But PacBio’s platform offered other 
benefits that he and his team have 
capitalized on as well.
Some people with Fragile X mutations 
have both the pre-mutation version 
and the full-mutation  alleles (much 
like somatic mutations in cancer); 
individuals with those allele size 
mosaics, as they’re known, may be 
significantly higher-functioning than 
people with only full mutations. “You 
can imagine the scenario where you 
have one prominent band in the full-
mutation range and a whole bunch of 
single alleles that vary in distribution 
across the full and pre-mutation 
range, each of which contributes 
1 percent,” Hagerman adds. “How 
much a person is affected may 
depend on the presence or absence 
of numerous alleles that we just don’t 
see when we’re looking at a Southern 
blot or a PCR product.”
In this situation, SMRT Sequencing 

confers “a huge advantage,” he 
says. “The PacBio technology is so 
powerful because it can look at all 
alleles, rare or common. It sequences 
individual molecules so you simply 
count them.”

In addition to being able to detect 
minor alleles, the PacBio RS reports 
methylation data simultaneously 
with DNA sequence. In some cases, 
it appears that partial methylation 
of the FMR1 gene is another factor 
that contributes to the severity of 
the Fragile X Syndrome. As the 
authors note in Genome Research, 
“These observations thus establish 
a clear foundation for the detection 
of epigenetic modifications within 
the CGG-repeat region, which has 
not been possible at the nucleotide 
level for full-mutation alleles that are 
epigenetically silenced in Fragile X 
Syndrome.”

Future Outlook
With this newfound ability to count 
CGG repeats in the FMR1 gene, 
Hagerman has big plans for what he 
could eventually do with the PacBio 
technology. “It will be important in 
research and also as a diagnostic 
tool, and it should also be important 
for screening,” he says.
Indeed, population screening is a 
key capability anticipated by the 
authors of the paper. “This approach 
is 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 FMR1 
gene that are associated with 
neurodevelopmental, reproductive, 
and neurodegenerative disorders,” 
they write, noting that through 
method adaptations such as 
barcoding and multiplexed 

sequencing of samples, the approach 
could “eventually allow for high-
throughput genotyping for population 
screening at a fraction of the current 
cost.”
As Hagerman moves forward with 
his Fragile X research using SMRT 
Sequencing, he notes that any 
scientist or clinician studying a repeat 
expansion disorder could benefit 
from this technology. “PacBio has 
the capability of doing long reads 
that would be essential for studying 
simple repeat expansions of any 
kind,” he says.
There are some two dozen repeat 
expansion disorders known — many 
of them trinucleotide repeats like 
the CGG in Fragile X, and some 
with thousands of repeat copies — 
including Huntington’s, myotonic 
dystrophy, Friedreich’s ataxia, and 
others. “If you look at those 20 
or so disorders that are repeat 
expansion disorders, all of them 
have a neurological component as 
the principal component,” Hagerman 
says. “Evolutionarily, you wonder 
why this class of repeat expansion 
disorders would seem to be clustered 
within the neurological disease 
domain.” 
While he has no explanation for that 
just yet, he and his fellow scientists 
are certainly making progress. “From 
a practical standpoint, the use of 
this long-read technology should 
allow us to develop better diagnostic 
procedures for these other disorders 
as well,” Hagerman says.

“The PacBio technology is so 
powerful because it can look 

at all alleles, rare or common. 
It sequences individual 

molecules in every ZMW and 
so you simply count them.”
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