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ABSTRACT OF THE DISSERTATION 
 

The prevalence and effect of expanded repeat alleles in neurological disorders 
 

by 
 

Alex Lee Chubick 
 

Doctor of Philosophy in Human Genetics 

University of California, Los Angeles, 2022 

Professor Roel A. Ophoff, Chair 

 

The gap between heritability estimates from genotype data and the heritability estimates 

from familial studies is known as missing heritability. For example, the heritability of autism 

spectrum disorder (ASD) is estimated to be 50-90% in twin studies but the disease genes and 

susceptibility loci identified in studies on the genetic variation of ASD only explain 11% of 

heritability. A part of the missing heritability of ASD may reside in repetitive regions of the human 

genome. Which are currently understudied in whole genome-association studies (GWAS) and 

large-scale sequencing efforts. A subclass of these repetitive regions consist of short tandem 

repeats (STRs), which are repetitive DNA sequence units composed of 2-6 nucleotides. There are 

some 40 monogenic disorders for which expansion of STRs are reported to be the cause of disease. 

With the increasing  availability of  large whole genome sequence (WGS) data sets, there have 

also been advances with the detection of computational tools to detect expanded alleles at STR 

loci. One of these methods is called ExpansionHunter, which aims to accurately detect and 

measure repeat expansions longer than the short sequencing read length itself. We used 

ExpansionHunter to identify FMR1 and C9orf72 repeat expansions in the WGS data of 20,576 

samples from the largest available dataset of families affected by ASD, the Simons Simplex 
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Collection. We also used WGS data from 1,359 healthy control subjects in the Australian Medical 

Reference Genome Bank to establish the repeat expansion prevalences for FMR1 and C9orf72  

independently from ASD. We observed 180 samples with repeats expanded into the premutation 

range of FMR1 and 50 samples with repeats in the pathogenic range of C9orf72. We also submitted 

7 pedigrees with at least one family member with an expanded repeat in the FMR1 or C9orf72 

gene and validated the repeat lengths by PCR. The prevalence of the FMR1 premutation was 

observed to be significantly higher in ASD, however, no significant difference was observed in 

the prevalence of the C9orf72 pathogenic repeat. Furthermore, neither the FMR1 or C9orf72 repeat 

expansion was observed to have an effect on ASD susceptibility. We also used the familial 

structure of the ASD cohort to establish inheritance patterns of the alleles at the two repeat loci. 

For FMR1, we observed instances of both transmission of premutation alleles and the occurrence 

of de novo events leading to expanded alleles in the offspring. For the c9orf72 hexanucleotide 

repeat locus, we only observed parental transmission for expanded alleles of the C9orf72 repeats. 

In an analysis specific to the C9orf72 repeat, we identified risk haplotypes previously reported to 

be associated with the expanded C9orf72 repeat. We observed no evidence that expanded repeats 

contribute to ASD disease susceptibility. However, the repeat expansion prevalences that we 

observe in this dataset are higher than reports in the general population, which suggest repeat 

expansions may be more common than previously thought. Overall, our analyses provide further 

insight on the prevalence of pathogenic repeat expansions in large population samples and their 

contribution to neurological disorders. 
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Introduction 
 

Over the past two decades genomics research has seen an exponential increase in the 

number of human genomes that have been sequenced1–3. This collection of genetic data has 

enabled studies to determine how the genetic variation between people and populations may affect 

susceptibility to disease. For example, Genome-wide association studies (GWAS) have identified 

single nucleotide polymorphisms (SNPs) that are associated with many complex diseases and/or 

traits4. While these studies have led to gene discovery for human diseases that have a considerable 

genetic component, many of the genetic variants that have been identified only explain a small 

proportion of heritability, which is the proportion of the disease and/or trait that is explained by 

genetic variation5,6. A recurrent issue of GWAS, however, is that the explained SNP heritability is 

substantially lower than the heritabilities estimated in familial studies7,8. For example, familial 

studies of schizophrenia provide evidence of an estimated heritability of 80% but the SNPs 

identified by GWAS are only able to explain approximately 20% of the genetic variation9. To 

further characterize this missing heritability, studies have begun to analyze other complex variants 

such as short tandem repeats (STRs)10,11.  

STRs are DNA sequences composed of 2-6 nucleotides that are repeated directly adjacent 

to each other12. Approximately 3-6% of the human genome consists of discrete STR loci that are 

prone to frequent mutations and can be highly polymorphic13,14. While the variability of these loci 

have allowed previous studies to utilize STRs for genetic mapping, expansion of these repeats at 

some loci have been found to cause over 40 monogenic disorders15. The majority of diseases 

caused by repeat expansions are observed to affect the nervous system such as the CGG 

trinucleotide repeat expansion in the FMR1 gene that causes Fragile X Syndrome and the 

GGGGCC hexanucleotide repeat expansion in the C9orf72 gene that causes amyotrophic lateral 

https://paperpile.com/c/OVRIsD/32OF+JLOg+31CQ
https://paperpile.com/c/OVRIsD/yFbK
https://paperpile.com/c/OVRIsD/3hdr+igP6
https://paperpile.com/c/OVRIsD/CzRo+NXgH
https://paperpile.com/c/OVRIsD/ena0
https://paperpile.com/c/OVRIsD/NRDv+HX4u
https://paperpile.com/c/OVRIsD/vrg6
https://paperpile.com/c/OVRIsD/JIEo+U9zD
https://paperpile.com/c/OVRIsD/JbiB
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sclerosis/frontotemporal dementia16,17. Discovery of these disease mechanisms led to hypotheses 

that repeat expansions may also be causal in autism spectrum disorder (ASD) and other severe 

mental illnesses.  The initial studies exploring this hypothesis found no evidence for repeat 

expansions being a major risk factor for ASD and psychiatric disorders18–21. However, technical 

limitations for repeat detection as well as small sample sizes of these studies have hampered these 

efforts.  

Historically, Southern blotting and/or PCR-based assays have been used as gold standards 

for detecting repeat expansions but both methods have their limitations22. For example, Southern 

blotting requires very large amounts of DNA (~10 μg) per sample, while PCR-based assays such 

as repeat primed PCR may be impacted by indels and variants present in the DNA sequence of 

primer binding sites, which can lead to false negative findings23,24. Additionally, the actual repeat 

lengths measured by repeat primed PCR are oftentimes imprecise23. The methods used in Southern 

blotting and repeat primed PCR are also very labor intensive, which makes these approaches less 

viable for large, population-based studies23,24. The increase in available whole genome sequencing 

(WGS) data has also led to the development of standard variant calling pipelines, which are capable 

of identifying STRs. However, most variant calling pipelines are only capable of identifying STRs 

up to 50 base pairs (bp) long and are limited to the short read length used in sequencing (~150 bp). 

This makes it impossible to identify disease-causing repeat expansions which are observed to have 

repeats in the length of hundreds to thousands of repeat units25–31.  

To address the issues of previous repeat expansion detection methods and the increasing 

rates of available WGS data, computational methods have been developed to accurately detect and 

measure repeat expansions longer than the sequencing read length itself 32–34. Utilization of these 

tools have allowed studies to reassess the effect that repeat expansions have on neurological 

https://paperpile.com/c/OVRIsD/f645+VOxV
https://paperpile.com/c/OVRIsD/QFdo+VMjM+emhC+HMsC
https://paperpile.com/c/OVRIsD/9PEZ
https://paperpile.com/c/OVRIsD/Y4UA+AEdW
https://paperpile.com/c/OVRIsD/Y4UA
https://paperpile.com/c/OVRIsD/Y4UA+AEdW
https://paperpile.com/c/OVRIsD/zT4W+J1yo+YJJi+dShY+yVLb+fQDZ+S6Im
https://paperpile.com/c/OVRIsD/1vjM+UQwa+GkcV
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disease and disorders. Recent studies have been able to use these computational repeat expansion 

detecting methods to identify complex pathogenic repeat expansions that may increase disease 

susceptibility in several neurological and neuropsychiatric diseases35–38 . In our own study, we 

utilized one of the computational repeat expansion detecting methods, ExpansionHunter, to further 

examine whether specific repeat expansions play a role in autism spectrum disorder 32,33.  

ASD is a neurodevelopmental disorder characterized by deficits in social communication 

and repetitive patterns of behavior 39. The heritability of ASD has been estimated to be between 

50-90%, which means up to 90% of ASD disease variation can be explained by genetic variation40. 

While hundreds of disease genes and susceptibility loci have been identified in studies on the 

genetic variation of ASD,  they explain approximately 11% of heritability 41,42. To determine if the 

part of the missing heritability in ASD could be attributed to complex variants such as STRs and 

their expansions, we used ExpansionHunter to identify repeat expansions at several loci in the 

WGS data of 20,576 samples from the Simons Simplex Collection, the largest publicly available 

dataset of families affected by ASD 42,43 .  

In our analysis, we validated the computational method by processing 118 subjects with 

known repeat expansion status through ExpansionHunter and confirmed that we could correctly 

determine the status of the samples 32. After confirmation that we could accurately detect expanded 

repeats within samples we processed the ASD probands and their family members through 

ExpansionHunter. We identified a subset of pedigrees with at least one family member with an 

expanded repeat in the FMR1 (4 pedigrees) or C9orf72 (3 pedigrees) gene and validated the repeat 

lengths by PCR. Based on our findings we determined the prevalence and effect of expanded 

FMR1 and C9orf72 repeats in the ASD cohort. WGS data from 1,359 independent healthy subjects 

in the Australian Medical Reference Genome Bank (MRGB) were used to compare the repeat 

https://paperpile.com/c/OVRIsD/gWq5+KMEP+gosn+zSNe
https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/HPZl
https://paperpile.com/c/OVRIsD/Mm50
https://paperpile.com/c/OVRIsD/7Fsb+mdhw
https://paperpile.com/c/OVRIsD/MhuS+mdhw
https://paperpile.com/c/OVRIsD/1vjM


 

 4 

expansion prevalences we observed in the parents of the cohort44. We also utilized the familial 

structure of the dataset to establish patterns of paternal and maternal inheritance as well as to 

identify putative de novo repeat expansion events. In a final analysis specific to C9orf72, we 

phased haplotypes associated with expanded C9orf72 repeats.  

While ExpanionHunter calculated repeat length genotypes for multiple loci in the Simons 

Simplex Collection samples, we observed that most samples possessed non-expanded repeats at 

these loci. However, we did observe 180 samples with repeats expanded into the premutation range 

of the FMR1 trinucleotide repeat. Alleles with more than 200 repeat units are considered 

pathogenic and are observed in cases of Fragile X Syndrome (FXS)45. FXS symptoms such as 

avoidance of eye contact, social withdrawal, communication difficulties, and repetitive behaviors 

are observed to overlap with ASD, which should come as no surprise as FMR1 pathogenic repeats 

are considered the most common monogenic cause of ASD46–48. A premutation range exists 

between 55 and 200 repeats and males and females who possess these repeats have been observed 

to develop Fragile X-associated tremor/ataxia syndrome and females have also been observed to 

develop Fragile X-associated primary ovarian insufficiency49,50. While premutation range repeats 

are associated with increased instability in the gametes of a parent, which may result in further de 

novo allelic expansions transmitted to the offspring, the effect that FMR1 premutation repeats have 

on ASD remains unclear46,49,51–53. In Chapter 1, we explain in greater detail the contribution of 

FMR1 premutation repeats on ASD . 

 We also observed 50 samples in the Simons Simplex Collection with repeats in the 

pathogenic range of the C9orf72 hexanucleotide repeat. Expansion of the C9orf72 repeat has been 

reported to be the most common genetic cause of amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD)54,55. Patients are reported to carry hundreds to thousands of repeat 

https://paperpile.com/c/OVRIsD/zHAH
https://paperpile.com/c/OVRIsD/7GUf
https://paperpile.com/c/OVRIsD/c7XE+Cp6y+Ggnc
https://paperpile.com/c/OVRIsD/wtMB+76rG
https://paperpile.com/c/OVRIsD/Nnaf+yh3k+c7XE+wtMB+LaY4
https://paperpile.com/c/OVRIsD/FdS3+2Bmc
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units, however, the lower limit has been reported to be at 30 repeats56,57. Both ALS and FTD are 

neurodegenerative diseases, however, ALS results in degeneration of motor neurons that affect the 

movement of the body and FTD is characterized by neuronal degeneration in the frontal and 

temporal brain lobes that affects cognitive function, creating a potential link to psychiatric 

disorders58–60. Furthermore, behavioral variant FTD, the most common form of FTD, is also 

reported to have clinical similarities to ASD such as alterations in social interaction, obsessive-

compulsive traits, mental inflexibility, and stereotypy of speech61. While symptomatic overlap is 

observed between C9orf72-mediated ALS/FTD and psychiatric disorders, it remains unclear if 

other genetic variants contribute to this overlap38. In Chapter 2, we perform an in depth analysis 

to determine the effect of C9orf72 repeat expansions on ASD and identify other genetic variants 

that may explain shared genetic risk between C9orf72-mediated ALS/FTD and ASD. 

Furthermore, we provide a framework on how tools such as ExpansionHunter can be used 

to detect repeat expansions in WGS data to shed light on the prevalence of pathogenic repeat 

expansions in large population samples and determine their effect on complex diseases and traits. 

In Chapter 3, we evaluate our use of ExpansionHunter in these analyses and suggest future 

directions.  

 
 
 
 
 
 
 
 
 

 

https://paperpile.com/c/OVRIsD/PrtO+uqQx
https://paperpile.com/c/OVRIsD/RCAD+oH0E+bgVc
https://paperpile.com/c/OVRIsD/est6
https://paperpile.com/c/OVRIsD/zSNe
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Chapter 1: Large-scale whole genome sequence analysis of >22,000 
subjects provides no evidence of FMR1 premutation allele 
involvement in autism spectrum disorder 

Alex Chubick,1 Evan Wang,4 Cora Au,2 Wayne W. Grody,1,2,3 Roel A. Ophoff1,4,5 

1)  Department of Human Genetics, University of California Los Angeles, Los Angeles, CA USA 

2) Department of Pathology & Laboratory Medicine, University of California Los Angeles, Los 
Angeles, CA USA 

3) Department of Pediatrics, University of California Los Angeles, Los Angeles, CA, USA 

4) Center of Neurobehavioral Genetics, Semel Institute for Neuroscience and Human Behavior, 
University of California Los Angeles, CA USA 

5) Department of Psychiatry, Erasmus University Medical Center, Rotterdam, The Netherlands. 

*The contents of Chapter 1 have been submitted to the American Journal of Human Genetics and 
is currently under review. To ensure credit is given to those involved in this work, the author list 
is included in Chapter 1.  
 
Introduction 

 
An expansion of a CGG trinucleotide repeat in the 5’ UTR of the FMR1 gene on the X 

chromosome is the cause of Fragile X Syndrome (FXS)62. Unaffected individuals in the general 

population carry FMR1 repeat alleles ranging from 5 to 40 repeats, while repeat lengths of 200 or 

more are pathogenic, resulting in FX45. Two intermediate allelic ranges of 41-54 and 55-200 repeat 

units defined as the gray zone and premutation range, respectively, have also been identified and 

are associated with increased instability in the gametes of a parent, that may result in further de 

novo allelic expansions transmitted to the offspring49,50. While carriers of FMR1 premutation 

alleles do not develop FXS, 40% of male and 16-20% of female premutation carriers suffer from 

fragile X-associated tremor/ataxia syndrome (FXTAS) and 20% of female carriers are reported to 

develop fragile X-associated primary ovarian insufficiency (FXPOI)63. The reported frequency of 

https://paperpile.com/c/OVRIsD/YZV9
https://paperpile.com/c/OVRIsD/7GUf
https://paperpile.com/c/OVRIsD/wtMB+76rG
https://paperpile.com/c/OVRIsD/IlYc
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FMR1 premutation range alleles in the general population is estimated to be roughly 1 in 300 for 

females and 1 in 900 for males64–68. A number of relatively small clinical and community-based 

studies of FMR1 premutation carriers have suggested that the FMR1 premutation may increase 

the risk for developing symptoms related to social anxiety, depression, and attention deficit 

disorder (ADHD)46,52.  

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder characterized by 

deficits in social communication and repetitive patterns of behavior39. Through twin studies the 

heritability of ASD has been estimated to be between 50-90% and to date more than 100 disease 

genes and susceptibility loci have been identified40,69. ASD patients may present additional 

medical complications such as intellectual disability or epilepsy, characteristics that are also core 

observations in patients with FXS70. It is therefore no surprise that the pathogenic FMR1 

trinucleotide repeat expansion that underlies FXS is also reported to be the most common 

monogenic cause of ASD47. However, diagnostic studies of FXS testing in males with ASD have 

shown pathogenic FMR1 repeats may be less common in cases of developmental delay, 

intellectual disability, and ASD71. To address this more systematically, we performed an analysis 

of the FMR1 trinucleotide repeat, in the largest available whole-genome sequence (WGS) datasets 

of ASD families with a total of 20,578 subjects, collected through the Simons Foundation Autism 

Research Initiative (SFARI) and the Simons Foundation Powering Autism Research (SPARK) 

initiative, resources of the Simons Simplex Collection72. These families (n=5,467) consist of an 

ASD proband with both biological parents, and in many instances also an unaffected sibling. We 

used an independent WGS control sample of 1,359 independent healthy subjects of the Australian 

Medical Reference Genome Bank (MRGB) to examine the prevalence of FMR1 premutation 

https://paperpile.com/c/OVRIsD/6bZB+miVM+eQgB+7EXu+jMNV
https://paperpile.com/c/OVRIsD/yh3k+c7XE
https://paperpile.com/c/OVRIsD/HPZl
https://paperpile.com/c/OVRIsD/Mm50+SkLO
https://paperpile.com/c/OVRIsD/K8LW
https://paperpile.com/c/OVRIsD/Cp6y
https://paperpile.com/c/OVRIsD/TD4x
https://paperpile.com/c/OVRIsD/1xUd
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alleles as well as a sample of 118 subjects with known FMR1 repeat expansion status to 

confirm/establish the computational pipeline. 

We performed large-scale WGS-based analyses using the computational tool 

ExpansionHunter32,33, to examine the FMR1 CGG trinucleotide repeat in 22,053 subjects (Figure 

1.1). While we did not observe a significant increased burden of premutation alleles in either male 

or female ASD probands versus unaffected siblings, we did observe an increased overall 

prevalence of FMR1 premutation alleles in the SFARI and SPARK female subjects compared to 

independent control subjects and previous literature findings. While positive controls (i.e. FXS 

patients) were correctly identified through analysis of WGS data, molecular validation in ASD 

families suggests a degree of overestimation of computationally predicted FMR1 repeat allele 

sizes. Overall, we observed stable transmission of FMR1 alleles and our findings suggest that 

FMR1 expanded alleles in the premutation range do not play an important role in ASD 

susceptibility. 

Materials and Methods 

Samples with WGS data 

To confirm that our protocol would correctly detect FMR1 repeat expansions through 

analysis of whole genome sequence (WGS) data using ExpansionHunter, we obtained PCR-free 

HiSeqX WGS data on 118 samples with triplet repeat expansions (premutation and full 

expansions) via the European Genome-phenome Archive (EGA, accession number 

EGAS00001002462). These samples were previously used for the development of 

ExpansionHunter to demonstrate the ability to call large repeats from high throughput, PCR-free 

WGS data32. The DNA samples were obtained from Coriell Repository representing subjects with 

https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/1vjM
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validated repeat expansion including 32 patients with Fragile X Syndrome (FXS). As was 

previously described, samples were acquired from the Coriell Institute and sequenced at an average 

45x coverage32.  

We also obtained access to WGS data of samples from the Simons Foundation Autism 

Research Initiative (SFARI) of the Simons Simplex Collection, the largest ASD collection of trio 

(proband with both biological parents) and quad (proband with unaffected sibling and both 

biological parents) families as described before72. Briefly, families admitted into SFARI were 

required to meet metrics related to age such as the proband being between the age of 4 years and 

17 years and 11 months when the data was collected and also meeting several diagnostic criteria 

based on Autism Diagnostic Interview-Revised (ADI-R) and Autism Diagnostic Observation 

Schedule (ADOS) scores. Probands with known FXS diagnosis, a known genetic risk factor for 

ASD, were excluded from the repository72. Sequence alignment files (CRAM format) from 9,031 

samples representing a combination of 2,380 trio and quad families containing WGS reads aligned 

to the hg38 reference genome were obtained from SFARI base (https://base.sfari.org). WGS was 

performed at 30x coverage on genomic DNA extracted from whole blood as described before72. 

Our analysis also included samples from the Simons Foundation Powering Autism 

Research (SPARK) initiative, an additional dataset from the Simons Simplex Collection aimed to 

create the largest recontactable research cohort of families affected with ASD in the United States 

for longitudinal phenotypic and genomic characterization research studies42. Briefly, families 

admitted into SPARK were required to meet three criteria: 1) have at least one family member 

with an ASD diagnosis, 2) currently live in the United States and 3) able to read and speak 

English42. Samples recruited into the dataset were enriched for affected individuals whose parents 

were also available to participate. Participants registered for SPARK online 

https://paperpile.com/c/OVRIsD/1vjM
https://paperpile.com/c/OVRIsD/1xUd
https://paperpile.com/c/OVRIsD/1xUd
https://base.sfari.org/
https://paperpile.com/c/OVRIsD/1xUd
https://paperpile.com/c/OVRIsD/mdhw
https://paperpile.com/c/OVRIsD/mdhw
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(www.SPARKforAutism.org) or at a clinical site by completing questionnaires on medical history 

and social communication, meaning case status in SPARK is based on patient/parent report42. 

Sequence alignment files (CRAM format) from 11,545 samples representing a combination of 

3,087 trio and quad families containing WGS reads aligned to the hg38 reference genome were 

also obtained from SFARI base (https://base.sfari.org). WGS was performed at 30x coverage on 

genomic DNA extracted from whole blood as described before 73. 

For independent reference samples, we utilized the WGS data of 1,359  subjects from the 

Australian Medical Reference Genome Bank (MRGB) available via the European Genome-

Phenome Archive (accession code EGAD00001005095). Sequence alignment files (CRAM 

format) were downloaded to determine the frequency of the FMR1 trinucleotide repeat allele 

within the MRGB. Data from the MRGB were generated from individuals of European descent, 

aged 60-95 years, and confirmed to be healthy with no reported history of cancer, cardiovascular 

disease, or dementia44. The MRGB samples were sequenced at an average of >38x coverage. The 

WGS data was aligned to the hs37d5 reference genome with decoys, with no further processing 

applied 44. 

 

Genotype assessment of the CGG trinucleotide repeat at FMR1. 

 

The length of the CGG trinucleotide repeat in the FMR1 gene was determined by 

processing WGS alignment files (formatted in CRAM or BAM format) from the European 

Genome-Phenome Archive and SFARI base through ExpansionHunter v5.0.0 

(https://github.com/Illumina/ExpansionHunter)32,33. Following the established protocol, files 

processed by ExpansionHunter were run with the reference genome assembly matching the 

reference of the aligned reads and the variant catalog associated with that reference32,33. 

http://www.sparkforautism.org/
https://paperpile.com/c/OVRIsD/mdhw
https://base.sfari.org/
https://paperpile.com/c/OVRIsD/Ewf3
https://paperpile.com/c/OVRIsD/zHAH
https://paperpile.com/c/OVRIsD/zHAH
https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/1vjM+UQwa
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Additionally, as FMR1 is located on the X chromosome, ExpansionHunter was run with the --sex 

option as it specifies the sex of the sample and affects the estimated genotype on sex chromosomes. 

An output JSON and VCF file containing the genotype of FMR1 were generated for each of the 

processed files . Additionally, ExpansionHunter estimates a confidence interval for each allele of 

the genotype using a parametric bootstrap method and the information is included in the output 

files32,74. 

We also applied Hardy-Weinberg equilibrium testing in females for quality control. 

Moreover, we used the available pedigree information to examine compatibility with paternal and 

maternal inheritance patterns. We also utilized a Z-test to determine if there were any differences 

between the age of parents with offspring who were observed to be de novo for FMR1 premutation 

alleles and the age of parents with offspring who inherited premutation range repeat alleles. 

 

PCR validation of FMR1 premutation carriers and their pedigrees 

 

PCR validation was performed by our collaborators Cora Au and Dr. Wayne Grody. CGG 

repeat lengths in the FMR1 genes of the subjects were determined in genomic DNA extracted from 

whole blood by standard methods72. They used the AmplideX FMR1 PCR reagents (Asuragen, 

Austin, TX) for amplification and capillary electrophoresis on the ABI 3730 analyzer 

(ThermoFisher Scientific, Waltham, MA), according to manufacturer specifications. As explained 

by our collaborators, the technique uses repeat-primed PCR (32 cycles) to robustly amplify and 

accurately size FMR1 CGG repeats ranging from the normal alleles through premutation alleles to 

full expansion mutations. They performed the analysis of the capillary electrophoresis profiles 

using GeneMapper software, Microsatellite subroutine (ThermoFisher Scientific, Waltham, MA), 

https://paperpile.com/c/OVRIsD/1vjM+2s53
https://paperpile.com/c/OVRIsD/1xUd
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with final results being expressed in base-pair length, trinucleotide repeat number, and 

normal/premutation/full mutation range based on the accepted cut-offs discussed above. 

 

Repeat burden statistical testing 

 

The burden of repeats in the premutation range of FMR1 in probands compared to 

unaffected siblings was determined using Fisher's exact test. Since FMR1 is located on the X 

chromosome and because the prevalence of FMR1 premutation range alleles has been reported to 

be different in male and females, we performed sex-specific analyses in which we compared male 

probands to unaffected male siblings and female probands to unaffected female siblings. 

 

Results 

Validation of FMR1 Repeat Alleles Calculated by ExpansionHunter 

 

ExpansionHunter calculated genotypes for all 118 CRAM files downloaded from the 

European Genome-phenome archive (EGA). We used the FMR1 repeat lengths calculated by 

ExpansionHunter to identify the 34 samples that were listed in the Coriell database to have repeats 

exceeding the normal range of FMR1 (Figure 1.2), of which 17 were of pathogenic repeat length. 

We observed that ExpansionHunter correctly identifies expanded repeat carriers but 

underestimates the length of repeats in the pathogenic range (Figure 1.3). In the 84 samples 

observed in the normal range/gray zone by both PCR and ExpansionHunter, we observed a 

discrepancy in a single sample observed with an allele size in the gray zone by PCR but in the 

premutation range by ExpansionHunter. Overall, we observe that ExpansionHunter 

underestimates the repeats of alleles in the pathogenic range and in rare instances overestimates 

repeat lengths of shorter alleles. 
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We selected four families (11372, 11676, 13390, and 14489) from the SFARI dataset with 

at least one member with a premutation range allele, for PCR validation (Table 1.1). Among the 

four families, seven samples were predicted to be premutation carriers by ExpansionHunter. Based 

on the repeat lengths determined by PCR, three samples were observed to have repeats in the gray 

zone and the remaining samples were observed to have normal range repeats. Our comparison of 

repeat lengths determined by ExpansionHunter and PCR of SFARI samples show that 

ExpansionHunter may overestimate repeat lengths at the FMR1 locus. 

Off-target reads were observed to contribute to these overestimated read lengths and we 

reprocessed the PCR tested samples through ExpansionHunter only using the FMR1 reference 

region. The results showed that the newly calculated length of the FMR1 repeat alleles lengths 

were much closer to the repeat lengths determined by PCR. We also reprocessed the 110 samples 

from the EGA through ExpansionHunter only using the FMR1 reference region and observed that 

the calculated repeat lengths were based on reads only from the X chromosome. To reduce the 

likelihood of overestimating the repeat length of samples, we reprocessed samples originally 

determined to have FMR1 premutation repeats and calculated their repeat length only using the 

FMR1 reference region.  

 

Prevalence of Individuals with FMR1 Repeat Alleles  

 

ExpansionHunter calculated genotypes for 9,016 of 9,031 (99.8%) CRAM files that were 

downloaded from SFARI base. ExpansionHunter does not calculate genotypes for samples with 

less than 10x coverage or do not possess reads that span the regions in the variant catalog for the 

FMR1 locus. We did not observe any samples with repeats that extended into the pathogenic range, 

which is not surprising as families that were identified to have family members with FXS were 
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excluded from the dataset. We also identified 102 samples with repeats in the premutation range 

of FMR1 (Figure 2). Father and male offspring that were carriers of the FMR1 premutation were 

observed at a prevalence of 0.93% and 0.71%, while mother and female offspring premutation 

carriers were observed at a prevalence of 1.78% and 1.28% (Table 1.2). The prevalences of FMR1 

premutation carriers in the parents of the Simons Simplex Collection compared to the prevalences 

observed in samples from the MRGB were significantly higher for mothers (p-value = 4.057e-05) 

and nominally significant for fathers (p-value = 0.010). We found no evidence that the observed 

genotype distribution of the FMR1 premutation in females, diploid for the X chromosome, 

deviated from what is expected based on the Hardy-Weinberg equilibrium (p-value = 0.89, χ2= 

0.24). Furthermore, we observed no evidence for bias of FMR1 premutation allele frequencies in 

the different sequencing batches in the Simons Simplex Collection. 

We used ExpansionHunter to calculate an additional 11,520 genotypes from 11,545 

(99.8%) CRAM files from the SPARK dataset. We observed no samples with repeats in the 

pathogenic range of FMR1. We also identified 78 samples with repeats in the premutation range 

of FMR1 (Figure 3). Father and male offspring that were carriers of the FMR1 premutation were 

observed at a prevalence of 0.62% and 0.55%, while mother and female offspring premutation 

carriers were observed at a prevalence of 0.71% and 0.97% (Table 1.2). We also observed higher 

prevalences of FMR1 premutation carriers in the mothers of the SPARK dataset compared to the 

prevalences observed in samples from the MRGB, albeit at nominal significant levels (p-value = 

0.02) while the prevalence in fathers was observed to be nonsignificant (p-value = 0.25). Again, 

we observed no deviation from what is expected from the Hardy-Weinberg equilibrium (p-value 

= 0.96, χ2= 0.08) in female carriers and no evidence for bias of FMR1 premutation allele 

frequencies in the different sequencing batches. 
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Burden of FMR1 premutation range alleles on ASD in males and females 

 

 In the comparison of male probands and unaffected male siblings, we did not observe a 

significant difference in allele frequencies (p-value = 0.48, OR = 0.71). We also observed no 

significant difference in the allele frequencies (p-value=0.27, OR=1.73) between female probands 

and unaffected female siblings. In the SPARK dataset, no significant difference was observed 

between the allele frequencies of male proband and unaffected male siblings (p-value = 0.34, OR 

= 1.81) or female probands and unaffected female siblings (p-value = 0.62, OR = 1.30). We also 

performed a burden test combining the allele frequencies observed in SFARI and SPARK and no 

significant differences were observed between the allele frequencies of male probands and 

unaffected male siblings (p-value = 0.99, OR = 1.08) or female probands and unaffected female 

siblings (p-value = 0.35, OR = 1.43).  

 

Parental transmission of FMR1 premutation range alleles 

 

We utilized the FMR1 repeat length genotypes from the trio and quad families to establish 

patterns of paternal and maternal inheritance as well as for the identification of putative de novo 

repeat expansion events. There were 79 families (including 62 quads and 17 trios) with 141 

offspring of which 32 (22.7%) inherited the premutation allele from one of their parents (Table 

1.4). Transmissions from mother to male offspring were observed two times more often than 

transmission from mother to female offspring, which corresponds to the ratio of male and female 

offspring in the SFARI dataset (Table 1.2). Additionally, we observed 5 offspring (3.5%) with 

premutation range alleles that are best explained by de novo expansion of the FMR1 repeat (Table 

1.4). While we observed that offspring with the premutation more commonly inherit the allele 
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from one of their parents instead of de novo expansions occurring, we also observed 42 offspring 

29.8%) who did not inherit a premutation allele from one of their parents who was identified to be 

a carrier (Table 1.4). No father to male offspring transmission was observed as expected by X-

linked inheritance (Table 1.4). 

In the SPARK dataset, we observed within 58 families (including 21 trios and 37 families 

with 4 or more members) that 34 offspring out of 99 (34.3%) inherited the premutation allele from 

one of their parents (Table 1.5). Similar to the Simons Simplex Collection, male probands 

constitute a majority of the offspring in the SPARK dataset (Table 1.3). In correspondence, we 

observed the transmission from mother to male proband to be the most common form of 

transmission from parent to offspring (Table 1.5). We also observed 3 offspring (3.03%) where 

expansion of the FMR1 repeat allele occurred de novo (Table 1.5). In contrast, we observed 26 

offspring with premutation allele sizes (26.3%) who showed no inheritance of premutation range 

alleles from their parents (Table 1.5). The patterns of inheritance that we observed in the SPARK 

dataset were further validated by the fact that no father to male offspring transmissions were 

observed (Table 1.5). 

In a combined analysis based on the transmission patterns in the Simons Simplex 

Collection and SPARK we compared the age of parents who transmitted premutation alleles to 

their offspring to the age of parents with offspring that possessed premutation alleles best 

explained by de novo expansion. We observed no significant differences in the age of the parents 

(p-value = 0.98) between the two groups of offspring. 

Discussion 

 In a large-scale and systematic study of whole genome sequencing (WGS) data of nuclear 

families with autism spectrum disorder (ASD) affected probands and unaffected siblings, we found 
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no evidence of increased burden of FMR1 premutation range alleles in male or female ASD 

patients compared to unaffected siblings. At the same time, we observed an increased number of 

FMR1 premutation carriers compared to previous studies, which reported a population prevalence 

of FMR1 premutation carriers at 0.12% (with 95% confidence interval of 0.06-0.19%) in males 

and 0.34% (with 95% confidence interval of 0.06-0.83%) in females75. We observed a six-fold 

higher prevalence of 0.72% in fathers and a four-fold higher prevalence of 1.47% in mothers 

(Table 1.2 and 1.3). The prevalence of female FMR1 premutation carriers in the Simons Simplex 

Collection was also observed to be significantly higher than the prevalence observed in the 

Medical Reference Genome Bank (MRGB), which served as an independent control sample of 

healthy subjects of advanced age. Furthermore, the prevalence of FMR1 premutation carriers that 

we report in the Simons Simplex Collection is similar to the prevalence reported in gnomAD 

(males = 0.70% , females = 0.98%)76. Our results should be further validated in additional 

independent datasets to determine if the prevalence and effect of the FMR1 premutation is larger 

than what has been reported in the general population. 

 We also used PCR to validate the FMR1 premutation repeats identified in a subset of 

samples (i.e. four quad families) from the SFARI dataset. None of the tested samples were 

observed to have alleles in the premutation range of FMR1. Furthermore, in the samples that were 

identified to have premutation range alleles, only three were detected to have an allele in the gray 

zone of FMR1. There may be a number of reasons as to why we observe a discrepancy in the 

repeat lengths calculated by ExpansionHunter. ExpansionHunter has been reported to overestimate 

the length of some repeats76. We also observed that the confidence intervals estimated by 

ExpansionHunter broaden with increased repeat unit length, which could explain the 

overestimated repeat lengths calculated in the Simons Simplex Collection. Moreover, mosaicism, 

https://paperpile.com/c/OVRIsD/zQhr
https://paperpile.com/c/OVRIsD/hlc8
https://paperpile.com/c/OVRIsD/hlc8
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higher sequencing error rates, and GC biases are factors that can contribute to this discrepancy at 

this locus32,33. Studies have also shown that the use of off-target regions in the variant catalog used 

in the ExpansionHunter algorithm can lead to the overestimation of some genotypes76. We 

observed that off-target reads from chromosomes 2, 6, and 7 lead to an overestimation of the 

genotypes calculated by ExpansionHunter in the PCR tested samples (Table 1.1), which suggests 

similar repeat sequences exist in these chromosomes and should be further explored to determine 

if they have an effect on ASD or other traits. Evidence suggests the number of individuals carrying 

premutation range alleles identified by ExpansionHunter is overestimated. However, further 

analyses are needed to identify the factors that lead to these discrepancies and better determine the 

frequency of premutation alleles within the population. 

 The stability and consistency we observed in the length of alleles transmitted from parent 

to offspring in the Simons Simplex Collection suggests that ExpansionHunter does accurately 

calculate the repeat length from WGS data. Utilizing the family structure within the Simons 

Simplex Collection, we established whether FMR1 premutation range alleles in the offspring were 

inherited from the father or the mother, or arose de novo. We observed that offspring with 

premutation alleles more commonly inherited the alleles from one of their parents versus the 

expansion occurring de novo (Table 1.4 and 1.5). Additionally, we observed that the age of the 

parents had no effect on whether a premutation allele was transmitted from the parent or occurred 

de novo in an offspring. Among the transmissions that we observed mother to male proband were 

the most common type of transmission. The commonality of this transmission pattern is best 

explained by the preponderance of male probands in the Simons Simplex Collection and the X-

linked inheritance pattern of FMR1. We also observed instances where the offspring in families 

with parents who carried an FMR1 premutation allele did not inherit the allele from their parents 

https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/hlc8
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(Table 1.4 and 1.5). The transmission of normal range alleles over premutation alleles or de novo 

expansion of the allele could provide insight on the selective pressures that affect expanded alleles 

and should be explored in other family cohorts.  

In the Simons Simplex Collection, we also note that the observed FMR1 premutation 

genotype distribution in females (with diploid genotypes) did not violate the expected distribution 

according to the Hardy-Weinberg equilibrium, which suggests that there is no inherent technical 

deviation in the detection of premutation range alleles in females using ExpansionHunter. 

Furthermore, the full mutation of the pathogenic FMR1 repeat expansion causing FXS, is the most 

common monogenic cause of ASD accounting for up to 6% of cases77. While probands with FXS 

were excluded from the Simons Simplex Collection, ascertainment in the ASD pedigree cohort 

with parents and offspring may have led to enrichment of FMR1 premutation alleles in the dataset. 

Lastly, our conservative approach for association testing by using unaffected siblings instead of 

unrelated subjects as controls is considered more robust against false positive results78. The 

ambiguity of true and false positive cases of FMR1 premutation carriers identified in our analyses 

demonstrates the need for further validation in additional independent datasets. It will therefore be 

worthwhile to examine the allelic distribution of FMR1 repeats in other ASD and non-ASD cohorts 

with PCR-free WGS data using computational methods. 

Overall, our study demonstrates the utility of large-scale repeat expansion screening in 

available WGS datasets as an initial diagnostic test. While we observe no evidence the FMR1 

premutation is associated with ASD disease risk, we do observe the Simons Simplex Collection 

potentially possesses an increased prevalence of individuals with alleles in the premutation range 

of FMR1 compared to previous studies. However, more information on the FMR1 locus and loci 

with similar sequences are required to provide more accurate genotypes. 

https://paperpile.com/c/OVRIsD/tzgd
https://paperpile.com/c/OVRIsD/zL09
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Figure 1.1 Workflow of calculating the FMR1 repeat length of 22,350 samples using 
ExpansionHunter: 22,350 sequence alignment files (CRAM format) were downloaded 

from either the 1) European Genome Archive (EGA), 2) Australian Medical Reference 

Genome Bank (MRGB), 3) Simons Foundation Autism Research Initiative (SFARI) ,or 4) 

the Simons Foundation Powering Autism Research (SPARK) initiative. ExpansionHunter 

was able to calculate repeat length genotypes for 21,977 samples (98.4%). Four families 

that were identified to have at least one member with an expanded repeat were validated 

by PCR. PCR showed overestimation in the repeat lengths calculated by 

ExpansionHunter, which was shown to be caused by the use of off-target reads in repeat 

length calculation. To reduce overestimating expanded repeat lengths, samples originally 

identified to have repeats exceeding the normal range were calculated using only the 

FMR1 reference region.  
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Figure 1.2 Validating repeat lengths calculated by ExpansionHunter: 118 samples 

identified to have expanded repeats at loci associated with eight different diseases were 

processed through ExpansionHunter. ExpansionHunter correctly identified all samples 

with expanded FMR1 repeat lengths, however, discrepancies were observed in the exact 

length of the repeats as the samples known to be carriers of pathogenic repeats were 

classified as being in the premutation range by ExpansionHunter. 
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Figure 1.3 Estimated repeat length of the FMR1 trinucleotide repeat in SFARI: For 

each subject the longer allele for the FMR1 genotype is displayed in A) SFARI, B) SPARK, 

and C) Australia MRGB. Alleles have repeat lengths within the normal (blue), premutation 

(yellow), or pathogenic (red) range. Repeat length estimates were observed to fall within 

distributions within the normal range (30 bp - 120 bp) or around the start of the 

premutation range. 
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Table 1.1 Validation of FMR1 Repeat Alleles Calculated by ExpansionHunter. The 

FMR1 repeat allele estimated by ExpansionHunter was validated by comparing the allele 

to repeat length measured by PCR. PCR detected no alleles in the premutation range of 

FMR1. Only three of the premutation carriers identified by ExpansionHunter were 

observed to have longer alleles in the gray zone based on PCR.  
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Table 1.2 Simons Simplex Collection Samples Processed and Genotyped for FMR1 
CGG Trinucleotide Repeat by ExpansionHunter. We genotyped the CGG trinucleotide 

repeat of the FMR1 locus in 9,031 samples from 2,380 families using  ExpansionHunter. 

Of the samples that were genotyped, we identified 139 individuals with an FMR1 

premutation allele. In comparison to previous reports, we observe an increased baseline 

prevalence of premutation carriers in SFARI. 
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Table 1.3 Simons Foundation Powering Autism Research (SPARK) Initiative 
Samples Processed and Genotyped for FMR1 CGG Trinucleotide Repeat by 
ExpansionHunter. We genotyped the CGG trinucleotide repeat of the FMR1 locus in 

11,545 samples from 3,087 families using  ExpansionHunter. Of the samples that were 

genotyped, we identified 92 individuals with an FMR1 premutation allele. In comparison 

to previous reports, we observe an increased baseline prevalence of premutation carriers 

in the SPARK. 
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Table 1.4 Parental Transmission of the FMR1 Premutation Allele in SPARK. Analysis 

of the calculated repeat length of the FMR1 trinucleotide repeat in the families within 

SPARK revealed 35 cases where an offspring was observed to inherit the FMR1 

premutation from one of the parents. The transmission from mother to male proband were 

most commonly observed and no father to male offspring transmission was observed as 

expected for X-linked inheritance. *Unclassified indicates an offspring with an 

ungenotyped parent and transmission could not be determined. 
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Table 1.5 Parental Transmission of the FMR1 Premutation Allele in SFARI. Analysis 

of the calculated repeat length of the FMR1 trinucleotide repeat in the families within 

SFARI revealed 40 cases where an offspring was observed to inherit the FMR1 

premutation from one of the parents. The transmission from mother to male proband were 

most commonly observed and no father to male offspring transmission was observed as 

expected for X-linked inheritance. *Unclassified indicates an offspring with an 

ungenotyped parent and transmission could not be determined. 
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Chapter 2: Large-scale whole genome sequence analysis of the 
C9orf72 hexanucleotide repeat in >22,000 subjects 
 
Introduction 
 
 An expansion of a GGGGCC hexanucleotide repeat in the C9orf72 gene on chromosome 

9 is the most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD)54,55. Unaffected individuals in the general population usually carry 2-8 repeat 

units, while repeat lengths of hundreds to thousands of units are observed in cases of ALS and 

FTD54,55,79,80. The threshold of 30 or more repeat units at the C9orf72 repeat locus is considered to 

be pathogenic56,57. Based on the prevalence of ALS and FTD and the frequency of C9orf72 repeat 

expansions in ALS and FTD cohorts, the prevalence of the C9orf72 repeat expansion in the general 

population is estimated to be approximately 1:10,00081,82. C9orf72 repeat expansions have also 

been observed in patients with other neurodegenerative disorders, however, the mechanisms of 

neuronal dysfunction in the presence of C9orf72 repeat expansions remain unknown83–85. 

 Faimiles with carriers of the C9orf72 pathogenic repeat are reported to have higher rates 

of schizophrenia, psychosis, suicide, and ASD 86. While expansions of the C9orf72 repeat have 

not been reported to cause ASD, symptoms such as social isolation, obsessive compulsion, 

inflexibility, and stereotypy of speech are observed in both behavioral variant FTD and ASD87. To 

determine the effect that C9orf72 pathogenic repeats have on ASD susceptibility, we compared 

ASD probands and unaffected siblings who were carriers of the C9orf72 pathogenic repeats in the 

largest  available datasets of ASD families, the Simons Simplex Collection42,72. 

 Similar to our analysis of the FMR1 trinucleotide repeat, we performed a large-scale WGS-

based analysis using ExpansionHunter32,33, to examine the C9orf72 repeat in 22,981 subjects. We 

did not observe a significant increased burden of pathogenic alleles in the probands versus 

https://paperpile.com/c/OVRIsD/FdS3+2Bmc
https://paperpile.com/c/OVRIsD/FdS3+2Bmc+7jYD+2sSY
https://paperpile.com/c/OVRIsD/PrtO+uqQx
https://paperpile.com/c/OVRIsD/GlHS+YY7O
https://paperpile.com/c/OVRIsD/xpez+JFyr+V6HL
https://paperpile.com/c/OVRIsD/ZrlU
https://paperpile.com/c/OVRIsD/BaDy
https://paperpile.com/c/OVRIsD/1xUd+mdhw
https://paperpile.com/c/OVRIsD/1vjM+UQwa
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unaffected siblings. We also did not observe an increased overall prevalence of C9orf72 

pathogenic repeats in the parents of the ASD cohort compared to the 1,359 independent healthy 

subjects of the Australian Medical Reference Genome Bank (MRGB)3,44. Through PCR validation 

we also determined that ExpansionHunter can accurately calculate repeats at the C9orf72 locus. 

We further observe stable transmission of C9orf72 repeat alleles on specific haplotypes,  without 

evidence for de novo expansion events in the ~10,000 meioses in the data set. The higher than 

expected prevalence of C9orf72 repeat alleles and lack of evidence of de novo repeat expansion 

may have clinical relevance for ALS and FTD.  

 
Materials and Methods 
 
Samples with WGS Data 
 

In our analysis we utilized multiple data sets of ASD families and control subjects. First, 

we included data of ASD families from the Simons Simplex Collection (SSC) , a resource of the 

Simons Foundation Autism Research Initiative (SFARI)72. As previously mentioned, families 

admitted into SSC were required to meet metrics related to age such as the ASD proband being 

between the age of 4 years and 17 years and 11 months when the data was collected and also 

meeting several diagnostic criteria based on Autism Diagnostic Interview-Revised (ADI-R) and 

Autism Diagnostic Observation Schedule (ADOS) scores. Additionally, probands with known 

FXS diagnosis were excluded from the repository 72. Sequence alignment files (CRAM format) 

from 9,031 samples representing a combination of 2,380 trio and quad families containing WGS 

reads aligned to the hg38 reference genome were obtained from SFARI base 

(https://base.sfari.org). WGS was performed at 30x coverage on genomic DNA extracted from 

whole blood as described before72. 

https://paperpile.com/c/OVRIsD/31CQ+zHAH
https://paperpile.com/c/OVRIsD/1xUd
https://paperpile.com/c/OVRIsD/1xUd
https://base.sfari.org/
https://paperpile.com/c/OVRIsD/1xUd
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Our analysis also included samples from the SPARK (Simons Foundation Powering 

Autism Research) initiative, another resource of SFARI42. SPARK is an autism research initiative 

that aims to recruit, engage and retain a community of 50,000 individuals with autism and their 

family members living in the U.S.  Families admitted into SPARK were required to meet three 

criteria: 1) have at least one family member with an ASD diagnosis, 2) currently live in the United 

States and 3) able to read and speak English42. Samples recruited into the dataset were enriched 

for affected individuals whose parents were also available to participate. Participants registered 

for SPARK online (www.SPARKforAutism.org) or at a clinical site by completing questionnaires 

on medical history and social communication42. Sequence alignment files (CRAM format) from 

11,545 samples representing a combination of 3,087 trio and quad families containing WGS reads 

aligned to the hg38 reference genome were also obtained from SFARI base (https://base.sfari.org). 

WGS was performed at 30x coverage on genomic DNA extracted from whole blood as described 

before73. 

We used the WGS data of the 1,359  healthy subjects from the Australian Medical 

Reference Genome Bank (MRGB) available via the European Genome-Phenome Archive 

(accession code EGAD00001005095) as an independent reference sample. Data from the MRGB 

were generated from individuals of European descent, aged 60-95 years, and confirmed to be 

healthy with no reported history of cancer, cardiovascular disease, or dementia44. The MRGB 

samples were sequenced at an average of >38x coverage. The WGS data was aligned to the hs37d5 

reference genome with decoys, with no further processing applied 44. 

 

 

 

 

https://paperpile.com/c/OVRIsD/mdhw
https://paperpile.com/c/OVRIsD/mdhw
http://www.sparkforautism.org/
https://paperpile.com/c/OVRIsD/mdhw
https://base.sfari.org/
https://paperpile.com/c/OVRIsD/Ewf3
https://paperpile.com/c/OVRIsD/zHAH
https://paperpile.com/c/OVRIsD/zHAH
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Genotype assessment of the GGGGCC hexanucleotide repeat at C9orf72. 

 

The length of the GGGGCC hexanucleotide repeat in the C9orf72 gene was determined by 

processing WGS alignment files (formatted in CRAM or BAM format) from SFARI base and the 

Australian Medical Reference Genome Bank through ExpansionHunter v5.0.0 

(https://github.com/Illumina/ExpansionHunter)32,33. Following the established protocol, files 

processed by ExpansionHunter were run with the reference genome assembly matching the 

reference of the aligned reads and the variant catalog associated with that reference32,33. An output 

JSON and VCF file containing the genotype of the C9orf72 repeat were generated for each of the 

processed files. We applied Hardy-Weinberg equilibrium testing for quality control and used the 

available pedigree information to examine inheritance patterns.  

 

PCR validation of C9orf72 pathogenic carriers and their pedigrees 

 

The presence of a pathological hexanucleotide repeat expansion in C9orf72 was detected 

by our collaborator Dr. Zhongan Yang, a Staff Research Associate at UCLA, who used both 

fluorescent and repeat-primed polymerase chain reaction (PCR), as described previously54. They 

performed the fragment length analysis on an ABI 3730 genetic analyzer, and they analyzed the 

data using the Peak Scanner Software, including a positive control sample for reference. 

 

Repeat burden statistical testing 

 

We classified individuals to be carriers of pathogenic repeats if they possessed at least one 

allele with a repeat length that was either equal to or greater than 30 repeat units. We performed a 

https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/FdS3
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burden analysis using Fisher’s Exact, which compared the frequency of pathogenic alleles in the 

proands versus the unaffected siblings. 

 

Analysis of expanded C9orf72 repeat haplotypes 

 

We downloaded the chromosome 9 VCF file for samples in the SFARI dataset from SFARI 

base (https://base.sfari.org) to allow our collaborator Dr. Michael Thompson to perform haplotype 

phasing using Beagle v5.4                 

(https://faculty.washington.edu/browning/beagle/beagle.html)88,89. To perform the analysis he first 

filtered the VCF files to 1 Mb from the start and end of the C9orf72 locus and combined them into 

a single file. Following the established protocol, he processed the merged VCF file through Beagle 

88,89. For haplotype identification he used a 170Kb block at the chromosomal location of the 

C9orf72 repeat. Based on previous literature and methods, Dr. Thompson phased haplotypes using 

a cut-off of 23 repeats, which also broadened the range of samples included in the analysis57,90–92. 

 
Results 
 
Prevalence of C9orf72 Pathogenic Carriers 
 

ExpansionHunter calculated genotypes for 9,019 of 9,031 (99.9%) CRAM files that were 

downloaded from SFARI base. ExpansionHunter does not calculate genotypes for samples with 

less than 10x coverage or do not possess reads that span the regions in the variant catalog for the 

C9orf72 locus. We identified 24 samples with repeats that extended into the pathogenic range of 

C9orf72. Among the parents, representing an independent sample of unrelated subjects, the 

pathogenic C9orf72 repeat alleles were observed at a prevalence of 0.25% (Table 2.1). The 

prevalence of C9orf72 pathogenic carries in the parents of the SFARI dataset compared to the 

prevalence observed in samples from the MRGB were not found to be significantly different from 

https://base.sfari.org/
https://faculty.washington.edu/browning/beagle/beagle.html
https://paperpile.com/c/OVRIsD/J6jR+tCdR
https://paperpile.com/c/OVRIsD/J6jR+tCdR
https://paperpile.com/c/OVRIsD/cBb5+uqQx+PbKU+VRx6
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each other (p-value = 0.08). We found no evidence that the observed genotype distribution of the 

pathogenic C9orf72 repeat in SFARI deviated from what is expected based on the Hardy-Weinberg 

equilibrium (p-value = 0.99, χ2= 0.02). Furthermore we observed no evidence for bias of C9orf72 

pathogenic allele frequencies in the different sequencing batches in SFARI. 

We selected three families (11599, 12323, and 12524) from the SFARI dataset with at least 

one family member with a pathogenic allele, for PCR validation (Table 2.2). Among the three 

families, seven samples were predicted to be pathogenic carriers by ExpansionHunter. All samples 

were found to match the repeat lengths determined by PCR. Our comparison of repeat lengths 

determined by ExpansionHunter and PCR demonstrate that ExpansionHunter accurately estimates 

repeat lengths of the alleles at the C9orf72 locus. 

We used ExpansionHunter to calculate an additional 11,542 genotypes from 11,545 

(99.9%) CRAM files from the SPARK dataset. We identified 26 samples with repeats in the 

pathogenic range of C9orf72 (Figure 3). Parents that were carriers of the C9orf72 pathogenic 

repeat were observed at a prevalence of 0.20%; we observed no instances of C9orf72 de novo 

events in the offspring (Table 2.3). Similar to the SFARI dataset, no significant difference was 

observed between the prevalence of C9orf72 pathogenic repeat carriers in the parents of the 

SPARK dataset compared to the prevalences observed in samples from the MRGB (p-value = 

0.14). Again, we observed no deviation from what is expected from the Hardy-Weinberg 

equilibrium (p-value = 0.99, χ2= 0.01) in SPARK and no evidence for bias of C9orf72 pathogenic 

allele frequencies in the different sequencing batches. 
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Burden of C9orf72 pathogenic range alleles on ASD in affected probands 

 
In a comparison of probands and unaffected siblings in the SFARI dataset, we did not 

observe a significant difference in the frequency of pathogenic alleles (p-value = 0.39, OR = 0.57). 

Furthermore, in the SPARK dataset, no significant difference was observed between the frequency 

of pathogenic alleles in probands and unaffected siblings (p-value = 0.99, OR = 0.97). We also 

performed a burden test combining the allele frequencies observed in SFARI and SPARK and no 

significant differences were observed between the allele frequencies of probands and unaffected 

siblings (p-value = 0.55, OR = 0.75).  

 
Parental transmission of C9orf72 pathogenic range alleles 
 

We used the C9orf72 repeat length genotypes from the trio and quad families to establish 

patterns of paternal and maternal inheritance and to examine whether de novo repeat expansion 

events were detected in our data set. There were 12 families (including 10 quads and 2 trios) with 

23 offspring of which 12  offspring (52.2%) were observed to inherit the pathogenic allele from 

one of their parents and a majority of the transmission (75.0%) were observed to be paternal (Table 

2.4). Notably, we observed no offspring with pathogenic range alleles that were best explained by 

de novo expansion of the C9orf72 repeat (Table 2.4). 

In the SPARK dataset, we observed 16 families (including 2 trios and 14 quads) with 

parental alleles in the pathogenic range showing an expected transmission rate of 50% in the 

offspring  without evidence of paternal or maternal bias, nor any evidence for de novo repeat 

expansions  (Table 2.5).   
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Haplotypes associated with C9orf72 Expansions 
 
 In the 12 families from the SFARI dataset where transmission was observed, we also 

identified that carriers with pathogenic alleles in 10 of the 12 families (83.3%) possessed the 

rs3849942A allele, which has previously been as marker for the risk (R) haplotype with the 

pathogenic hexanucleotide repeat expansions among cases of ALS and FTD93. We broadened the 

analysis of the haplotype distribution among 32 subjects with repeat lengths of n>23. We used the 

difference in MAF between high repeats and non-high repeats to identify marker alleles in the 

haplotypes and the greatest difference was found in SNPs rs3849945, rs245355, and rs2453565, 

which were also characterized in the R haplotype91 . We also filtered SNPs from haplotypes 

previously identified in individuals with C9orf72 pathogenic repeats within the Swedish 

population and determined that 12 of the 32 haplotypes (37.5%) were not observed in the Swedish 

population and were  unique to the SFARI dataset. 

 

Discussion 

 In a secondary large-scale and systematic study of the WGS data from 5,467 families 

affected by ASD, we observed a prevalence of the pathogenic C9orf72 repeat alleles at 0.22% 

among the unrelated parents, which was much higher than previously reported in the general 

population (0.01%)82. In the parents of the Simons Simplex Collection, we observed a twenty-two-

fold higher prevalence of 0.22% compared to the prevalence of the C9orf72 pathogenic repeat in 

the general population (Table 1.2 and 1.3).  The prevalence of C9orf72 pathogenic carriers we 

observed in the Simons Simplex Collection is not significantly different to a recently performed 

analysis performed in gnomAD (ntotal =19,239; 0.15%) (p-value = 0.75) or what we observed in 

our independent control sample (ntotal=1,359) of the Medical Reference Genome Bank76. We do 

note that the number of carriers with C9orf72 pathogenic alleles in the Simons Simplex Collection 

https://paperpile.com/c/OVRIsD/YPkp
https://paperpile.com/c/OVRIsD/PbKU
https://paperpile.com/c/OVRIsD/YY7O
https://paperpile.com/c/OVRIsD/hlc8
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is still relatively small and a power analysis suggests the sample sizes would need to be doubled 

to observe a significant difference in the prevalence of repeat expansion carriers between different 

datasets. Our results should be further validated in additional independent datasets to determine if 

the prevalence of the C9orf72 pathogenic repeat that we observe is actually larger than the 

estimates in the general population or is specific to these datasets. 

We used PCR to validate the C9orf72 pathogenic repeats identified in a subset of samples 

(i.e. three quad families) from the SFARI dataset. All samples predicted to be carriers of the 

pathogenic repeat by ExpansionHunter were confirmed by PCR. Our comparison of the C9orf72 

repeat length calculated by ExpansionHunter to PCR results demonstrates that ExpansionHunter 

provides accurate estimates of the length of the GGGGCC hexanucleotide repeat at the C9orf72 

locus. Furthermore, our results are consistent with other studies that have used ExpansionHunter 

to identify repeat expansions in known carriers, including C9orf7232,76,94.  

In our burden analysis we found no evidence of increased burden of C9orf72 pathogenic 

range alleles in ASD probands compared to unaffected siblings. While pathogenic C9orf72 alleles 

have not been reported to have a direct effect on ASD, longer or intermediate range alleles might 

cause specific symptoms such as those observed in ASD95,96. Further characterization of the 

C9orf72 repeat in additional datasets will be vital to further delineate the frequency of intermediate 

and expanded C9orf72 repeats and elucidate their potential influence on phenotypes such as ASD. 

Utilizing the family structure within the Simons Simplex Collection, we also established 

whether C9orf72 pathogenic range alleles in the offspring were inherited paternally, maternally,  

or arose de novo. We observed that all offspring with pathogenic range alleles inherited them from 

one of their parents (Table 2.4 and 2.5). We also observed that approximately half of the offspring 

did not inherit the pathogenic allele (Table 2.4 and 2.5), which is expected based on the rules of 

https://paperpile.com/c/OVRIsD/1vjM+rQIU+hlc8
https://paperpile.com/c/OVRIsD/mNjg+7S7D
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probability that any given gamete in the parent has a 50 percent chance of having the normal range 

allele and a 50 percent chance of having the pathogenic range allele. The higher prevalence of 

C9orf72 pathogenic alleles and the lack of evidence of de novo expansion events at this locus may 

also shed light on ALS and FTD caused by expansion of the C9orf72 repeat. Previous studies have 

reported that 10% of ALS cases and 20% of FTD cases are sporadic (i.e., without family history 

of the disease) and carry the C9orf72 pathogenic repeat expansion. Based on the fact that we 

observe no evidence for de novo expansion of the C9orf72 repeat expansion in our analysis, we 

hypothesize that patients diagnosed with sporadic C9orf72 mediated ALS or FTD are likely to 

have a family member who carries the C9orf72 pathogenic expansion also82,97. Furthermore, our 

results strengthen the reports of previous studies that show C9orf72 repeat expansions are more 

commonly observed in familial cases of ALS and FTD98,99. 

We further utilized the family structure of the Simons Simplex Collection to identify 

haplotypes associated with expanded C9orf72 repeats. We first identified that a majority (83.3%) 

of the families in the SFARI dataset with C9orf72 pathogenic repeat carriers also possessed the 

rs3849942A alleles, which has previously been identified as the hallmark for the risk (R) haplotype 

commonly observed in cases of ALS and FTD caused by C9orf72 expansions93. The identification 

of the R haplotype in these families further validates that the C9orf72 repeats that they carry are 

in the pathogenic range. Based on previous methods, we also phased 32 haplotypes associated with 

high-repeats (>23 repeats), including the R haplotype57,90–92,100. Furthermore, we utilized SNPs 

from haplotypes observed in individuals with C9orf72 pathogenic repeats within the Swedish 

population to identify 12 haplotypes unique to the SFARI dataset101.  

While we observe no evidence of C9orf72 pathogenic repeat allele involvement with ASD 

disease risk, we do observe the Simons Simplex Collection possesses an increased prevalence of 

https://paperpile.com/c/OVRIsD/YY7O+mqRN
https://paperpile.com/c/OVRIsD/y6vM+v7i1
https://paperpile.com/c/OVRIsD/YPkp
https://paperpile.com/c/OVRIsD/2pjO+cBb5+uqQx+PbKU+VRx6
https://paperpile.com/c/OVRIsD/1ljp
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individuals with alleles in the pathogenic range of C9orf72 compared to the prevalence estimated 

in the general population. Furthermore, the C9orf72 repeat expansions we identified were 

validated by PCR, allele transmission, and haplotype phasing. It is interesting that a repeat 

expansion reported to cause neurodegenerative disorders is observed at a higher prevalence and 

on the same haplotype in a cohort focused on collecting families with a member affected by a 

neurodevelopmental disorder. Our observations may suggest that the C9orf72 repeat expansion’s 

contribution to ALS and FTD have been overestimated and C9orf72 repeat expansion may confer 

less risk to ALS and FTD overall. Our observation may suggest that the C9orf72 pathogenic repeat 

expansion is less penetrant and that additional genetic variants with the expansion are needed for 

ALS and/or FTD to develop. Additional analyses will be required to determine if expanded 

C9orf72 repeats are more common in the general population and to determine their overall 

contribution to phenotypic variation. 
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Figure 2.1 Workflow of calculating the C9orf72 repeat length of 22,350 samples 
using ExpansionHunter: 22,350 sequence alignment files (CRAM format) were 

downloaded from either the 1) European Genome Archive (EGA), 2) Australian Medical 

Reference Genome Bank (MRGB), 3) Simons Foundation Autism Research Initiative 

(SFARI) ,or 4) the Simons Foundation Powering Autism Research (SPARK) initiative. 

ExpansionHunter  was able to calculate repeat length genotypes for 21,977 samples 

(98.4%). Three families that were identified to have at least one member with an 

expanded repeat were validated by PCR.  
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Figure 2.2 Estimated repeat length of the FMR1 trinucleotide repeat in SFARI: For 

each subject the longer allele for the FMR1 genotype is displayed in A) SFARI, B) SPARK, 

and C) Australia MRGB.  Alleles have repeat lengths within the normal (blue), premutation 

(yellow), or pathogenic (red) range.  Repeat length estimates were observed to fall within 

distributions within the normal range (30 bp - 120 bp) or around the start of the 

premutation range. 
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Table 2.1 Simons Simplex Collection Samples Processed and Genotyped for 
C9orf72 GGGGCCC hexanucleotide repeats by ExpansionHunter. We genotyped the 

GGGGCC hexanucleotide repeat of the C9orf72 locus in 9,031 samples from 2,380 

families using  ExpansionHunter. Of the samples that were genotyped, we identified 24 

individuals with a C9orf72 pathogenic allele. In comparison to previous reports, we 

observe an increased baseline prevalence of pathogenic carriers in SFARI. 
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Table 2.2 Validation of C9orf72 Repeat Alleles Calculated by ExpansionHunter. The 

C9orf72 repeat allele estimated by ExpansionHunter was validated by comparing the 

allele to repeat length measured by PCR. With the exception of a single allele, all C9orf72 

repeats measured by ExpansionHunter were found to match the repeats lengths 

measured by PCR. 
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Table 2.3 Simons Foundation Powering Autism Research (SPARK) Initiative 
Samples Processed and Genotyped for C9orf72 GGGGCCC hexanucleotide 
repeats by ExpansionHunter. We genotyped the GGGGCC hexanucleotide repeat of 

the C9orf72 locus in 11,545 samples from 3,087 families using  ExpansionHunter. Of the 

samples that were genotyped, we identified 26 individuals with a C9orf72 pathogenic 

allele. In comparison to previous reports, we observe an increased baseline prevalence 

of premutation carriers in the SPARK. 
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Table 2.4 Parental Transmission of the C9orf72 Pathogenic Allele in SFARI. Analysis 

of the calculated repeat length of the C9orf72 hexanucleotide repeat in the families within 

SPARK revealed 12 cases where an offspring was observed to inherit the C9orf72 

pathogenic repeat from one of the parents. The transmission from father to offspring was 

the most commonly observed. 

 
Table 2.5 Parental Transmission of the C9orf72 Pathogenic Allele in SPARK. 
Analysis of the calculated repeat length of the C9orf72 hexanucleotide repeat in the 

families within SFARI revealed 15 cases where an offspring was observed to inherit the 

C9orf72 pathogenic repeat from one of the parents. Transmissions from father to offspring 

and mother to offspring were observed to occur evenly in SPARK. 
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Chapter 3: Conclusion 

 
Over the past few years computational tools have been developed to detect and measure 

repeat expansion from WGS data11,22,32,33. The development of these tools have allowed studies to 

reassess the effect that expanded repeats have on complex diseases and disorders, many of which 

are neurological. Recent reports in literature have shown that both known and novel repeat 

expansions contribute to the disease susceptibility of several neurological and neuropsychiatric 

disorders including spinocerebellar ataxia type 31, myoclonic epilepsy, autism spectrum disorder 

(ASD), and schizophrenia35–38. In our studies, we examined the distribution/presence of  repeat 

expansions at two loci known to cause disease and determined their effect on ASD.  

Our first analysis focused on repeats in the premutation range of FMR1. Repeats of 200 or 

more are classified as being pathogenic and are observed in cases of Fragile X Syndrome (FXS)45. 

Furthermore, the FMR1 pathogenic repeat is reported to be the most common monogenic cause of 

ASD46–48. However, the effect that FMR1 premutation repeats (55-200 repeats) have on ASD 

remains unclear 46,52. We observed no evidence that the FMR1 premutation affects ASD 

susceptibility and none of the samples in the ASD cohort were observed to have repeats in the 

pathogenic range of FMR1. However, our results do help support previous literature that states 

expanded FMR1 repeats contribute solely to FXS71. In our second analysis we focused on the 

C9orf72 repeat expansion which is the most common genetic cause of amyotrophic lateral sclerosis 

(ALS) and frontotemporal dementia (FTD)54,55. Both ALS and FTD are neurodegenerative 

diseases, however, symptoms involved in cognitive function and behavior have been observed in 

these diseases, which may suggest a possible link with ASD and other neuropsychiatric disorders. 

We observed no evidence that the C9orf72 pathogenic repeat affects ASD susceptibility but we 

did identify a risk haplotype previously reported to be associated with the expanded C9orf72 repeat 

https://paperpile.com/c/OVRIsD/1vjM+HX4u+9PEZ+UQwa
https://paperpile.com/c/OVRIsD/gWq5+KMEP+gosn+zSNe
https://paperpile.com/c/OVRIsD/7GUf
https://paperpile.com/c/OVRIsD/c7XE+Cp6y+Ggnc
https://paperpile.com/c/OVRIsD/c7XE+yh3k
https://paperpile.com/c/OVRIsD/TD4x
https://paperpile.com/c/OVRIsD/FdS3+2Bmc
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and was also present in carriers in our study. The fact that we observed the same haplotype in a 

cohort that does not have any association with a neurodegenerative disorder and observed the 

prevalence of C9orf72 repeat expansion carriers to be higher than reports in previous literature 

suggest the C9orf72 repeat expansion may confer less risk to ALS and FTD overall and that other 

genetics variants may be required to be present with the C9orf72 repeat expansion for the disease 

to develop.  While we observed no evidence that the repeat expansions observed in our study affect 

ASD, our results still provide information that is valuable to both the medical and research 

communities. 

Our study was focused on the utilization of ExpansionHunter, which is limited by the 

software’s user defined variant catalog that specifies reference coordinates and the structure of loci 

known to have disease causing expansions32,33. However, other tools such as ExpansionHunter 

Denovo have been developed to detect repeat expansion throughout the entire genome34. 

ExpansionHunter Denovo was recently utilized in a similar study that processed data from the 

Simons Simplex Collection to perform a genome-wide search for expanded repeats that contribute 

to ASD37. The genome-wide study reported 2,588 tandem repeat-containing regions  that were 

significantly more prevalent among individuals with ASD and that these expansions occurred in 

or near genes involved in nervous system development, the cardiovascular system and muscle 

tissues37. The study also suggests that tandem repeat expansions make a collective contribution of 

2.6% to the explained phenotypic variance of ASD37. Another study also used ExpansionHunter 

Denovo to examine the role of  expanded repeats in schizophrenia 38. The sample set in this study 

was much smaller in size, consisting of 257 unrelated adults with SCZ, 225 congenital heart 

disease patients,  and 2,504 individuals from the 1000 Genomes Project. The authors identified 

436 distinct regions containing expanded repeats. After determining where these regions were in 

https://paperpile.com/c/OVRIsD/1vjM+UQwa
https://paperpile.com/c/OVRIsD/GkcV
https://paperpile.com/c/OVRIsD/gosn
https://paperpile.com/c/OVRIsD/gosn
https://paperpile.com/c/OVRIsD/gosn
https://paperpile.com/c/OVRIsD/zSNe
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the genome, the authors determined that intronic repeat expansions and repeat expansions close to 

exons were major contributors to the etiology of schizophrenia38. These studies demonstrate that 

ExpansionHunter Denovo can be used to  detect expanded repeats throughout the entire genome 

and to examine the role of these loci in disease susceptibility. We made a first effort to examine 

genome-wide repeat expansions in severe mental illness (i.e. schizophrenia and bipolar disorder). 

We processed WGS data from schizophrenia cases, bipolar disorder cases, and controls for a total 

of 7,960 subjects of African-American ancestry from the Whole Genome in Psychiatric Disorders 

(WGSPD) Consortium 102. We were able to identify 45,233 repeat sequences in 36,717 distinct 

regions of the human genome, which is similar to the ExpansionHunter Denovo analysis of ASD 

in the Simons Simplex Collection that identified 37,865 tandem repeat sequences in 31,793 distinct 

regions of the human genome37. However, further characterization of the repeat sequences 

identified in our initial analysis will be necessary to determine if they impact schizophrenia and/or 

bipolar disorder. We also note that the samples from the WGSPD Consortium are African 

American and our analyses could provide insight on how ancestry may affect the prevalence and 

effect of repeat expansions in neuropsychiatric disorders. Additional analyses similar to this will 

need to be conducted to fully determine the genetic variation explained by repeat expansions and 

validate the results of currently published literature. 

While the use of ExpansionHunter and other computational tools have allowed our and 

other studies to identify STRs and their expansion in WGS data, there are still other structural 

variants that are not well detected by existing methods. For example, there are variable number 

tandem repeats (VNTRs) which are similar to STRs except they consist of longer tandem repeat 

sequences and they vary greatly in repeat length between individuals103. Together STRs and 

VNTRs represent one of the largest sources of polymorphisms in humans, however, the complex 

https://paperpile.com/c/OVRIsD/zSNe
https://paperpile.com/c/OVRIsD/SWWg
https://paperpile.com/c/OVRIsD/gosn
https://paperpile.com/c/OVRIsD/sXAP
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variability of VNTRs between individuals have led them to being  ignored by currently available 

genomic pipelines104,105. To ensure we are able to identify all of the genetic variation that explains 

a disease or trait we will need methods to detect and measure these complex structural variants 

from WGS data or other data types. For example, a computational tool called adVNTR was 

recently developed to detect VNTRs from WGS data 106. More importantly, the development of 

long-read sequencing will play a crucial role in the detection of structural variants. Long-read 

sequencing is capable of generating reads in excess of 10 kb that span repetitive regions and 

provides unique anchors that can be utilized in calling structural variants on specific haplotype107. 

Future studies on expanded repeats or structural variants must incorporate high-throughput long-

read sequencing and development of computational tools for analysis of this type of sequence data 

into their analyses to ensure that all expanded repeats that contribute to a disease or trait can be 

identified. 

Overall, our analysis demonstrates the potential use of WGS data for the detection of 

pathogenic repeats through computational analysis to determine their effect on complex diseases 

and traits. In the framework that we developed we did identify six factors that should be considered 

in future studies. 1) While we solely utilized ExpansionHunter in our analysis, we do recognize 

that there are other computational software capable of detecting repeat expansions in WGS data, 

such as exSTRa, STRetch, TREDPARSE, and gangSTR22,32,33,108–110. However, we were unable 

to use tools such as STRetch and TREDPARSE as they only accept sequencing alignment files in 

BAM format and many of our files were in CRAM format as they are more suitable for the storage 

of large WGS datasets. We were also unable to use exSTRa and STRetch as their software was 

not compatible with the computational node we processed our data on. We also did not process 

our samples through gangSTR because the software took 24 hours to process while 

https://paperpile.com/c/OVRIsD/Rbez+qvFR
https://paperpile.com/c/OVRIsD/ErVM
https://paperpile.com/c/OVRIsD/NIna
https://paperpile.com/c/OVRIsD/1vjM+ychi+Xohd+9PEZ+UQwa+Lknx
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ExpasnionHunter only took an hour. Overall, we experienced ExpansionHunter to be the most 

efficient and user friendly tool. 2) Also, in our study we processed > 22,000 sequence alignment 

files which  required more than 100TB of storage. Studies of large WGS datasets (most likely in 

CRAM format) will require a significant amount of data storage for their analyses. 3) Furthermore, 

when we validated the 118 samples with known repeat expansion length we noted that one sample 

with a repeat measured in the normal range of FMR1 by PCR was predicted to be in the 

premutation range by ExpansionHunter. The false positive that we observe suggests that we can 

expect to detect approximately 1% of samples in the Simons Simplex Collection to be false 

positive for permutation repeats. Our PCR validation of samples predicted to be FMR1 

premutation carriers by ExpansionHunter also showed a 100% mismatch between the two 

methods. While ExpansionHunter is capable of calculating repeat genotypes for the FMR1 locus, 

we recommend PCR validation for expanded repeats that are identified using this computational 

method. However, we also note that ExpansionHunter was highly accurate in detecting C9orf72 

repeat expansion based of our PCR validation and that we were able to identify the risk (R) 

haplotype previously associated with the expanded repeat, which suggest studies could use 

ExpansionHunter as a gold standard to detect expanded C9orf72 repeats. 5) In our study we also 

recognize that the use of ExpansionHunter’s off-target analysis can lead to the method 

overestimating the read length of repeats such as the FMR1 trinucleotide repeat. Similar to another 

analysis we recommend that the reference region for the repeat be used in ExpansionHunter’s 

calculation of the repeat length 76. 6) Further validation can also be done by using tools such as 

REViewer to observe the reads that ExpansionHunter used to calculate the read length genotype 

to ensure the genotype is not being overestimated or underestimated 76,94. The framework 

https://paperpile.com/c/OVRIsD/hlc8
https://paperpile.com/c/OVRIsD/hlc8+rQIU
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developed in this study can be utilized to develop best practices and a pipeline for the analysis of 

tandem repeat sequences in larger datasets. 
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