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Disclaimer

This Points to Consider document is designed primarily as an educational resource for clinical laboratory geneticists to help provide
quality clinical laboratory genetic services. Adherence to these Points to Consider is voluntary and does not necessarily assure a
successful medical outcome. These Points to Consider should not be considered inclusive of all proper procedures and tests or
exclusive of other procedures and tests that are reasonably directed to obtaining the same results. In determining the propriety

of any specific procedure or test, the clinical laboratory geneticists should apply their own professional judgment to the specific
circumstances presented by the individual patient or specimen.

Clinical laboratory geneticists are encouraged to document in the patient’s record the rationale for the use of a particular procedure or
test, whether or not it is in conformance with these Points to Consider. They also are advised to take notice of the date this document
was adopted, and to consider other relevant medical and scientific information that becomes available after that date. It also would be
prudent to consider whether intellectual property interests may restrict the performance of certain tests and other procedures. Where
individual authors are listed, the views expressed may not reflect those of the authors’ employers or affiliated institutions.

The Board of Directors of the American College of Medical Genetics and Genomics approved this statement on 17 November 2025.
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INTRODUCTION

Short tandem repeats (STRs) are a common type of genetic variation within the human
genome and are defined as DNA segments composed of tandemly-repeated nucleotide
motifs that are usually 2-6 base pairs in length.1-3 STRs can undergo changes in length,
usually in increase in number of tandem repeats due to various biological processes, making
them unstable.1-3 This instability at specific loci can lead to genetic disorders, collectively
known as repeat expansion disorders (REDs).* Over 50 REDs, many of which cause
neurological disorders, have been associated with expansion of STRs or variable number
tandem repeats (VNTRs: ~7-100 bp motifs) (Table 1).1:25-7 The severity and age of onset

of a RED varies depending on the size and motif composition of the repeat expansion (RE)
and the function of that gene (Table 1). Two main types of REDs are recognized. The

first type affects coding regions of genes, often resulting in abnormally long stretches of
specific amino acids, such as polyglutamine (polyQ), polyalanine (polyA), or polyaspartic
acid (polyD), within proteins. The second type involves REs in non-coding regions of genes,
including the 5” or 3’ untranslated regions or introns, where they can disrupt gene expression
or RNA processing.3 Pinpointing the exact pathophysiologic mechanism is often challenging
since several may be occurring simultaneously.1-35 Broadly, REDs cause disease through
loss-of-function and/or gain-of-function mechanisms, with both potentially contributing in
some cases. 13

The size of the RE generally correlates with disease severity: the larger the RE, the

earlier and more severe the symptoms. However, the threshold at which these REs become
pathogenic is not uniform and varies by disorder.125 Alleles in REDs are typically
classified as normal, intermediate (premutation), or pathogenic (full mutation) range as
defined by gene-specific guidelines. For example, in FMR1 (HGNC:3775): normal < 44
repeats, intermediate 45-54 repeats, premutation 55-200 repeats, and pathogenic = 200. An
intermediate or premutation allele, defined by repeat lengths between the established normal
and full mutation ranges, may confer an increased risk for conditions beyond the classic
RED, and may also exhibit instability during parent-to-child transmission.1-3 Accurately
detecting the number and length of the REs is essential for diagnosis and genetic counseling,
given that genetic anticipation (increase in RE size from one generation to the next) is
common in REDs. Historically, the detection of REs involved techniques like long-range
PCR, repeat-primed PCR (RP-PCR), and/or Southern blot assays (Table 2).2:8-10 Despite
their higher sensitivity, these techniques are resource-intensive and have limitations, such

as the need for gene-specific primers/probes and the inability to analyze multiple loci
simultaneously.® This presents a challenge for comprehensive diagnostic testing, as many
new REDs have been identified in recent years? (Table 1). Furthermore, many REDs involve
complex repeat structures and overlapping phenotypes, making it exceedingly difficult for
laboratories to develop, validate and standardize specific RP-PCR and/or Southern blot
assays for each locus. Variable expressivity is observed in certain REDs; for example,
ATXNZ2 (HGNC:10555) expansions are associated with amyotrophic lateral sclerosis (ALS,
MIM 183090) risk or spinocerebellar ataxia type 2 (MIM 183090), depending on the
number of CAG (poly Q) repeats and the presence or absence of a CAA interruption,
supporting the notion that overlapping phenotypes may be influenced by the number and
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structure of expanded repeats. In addition, variations in age of onset and disease penetrance
are influenced by allele size, repeat interruptions, mosaicism, methylation, and other genetic
or epigenetic modifiers, making it challenging to provide accurate counseling regarding
phenotypes and long-term outcomes.1-3:5.11

Exome and genome sequencing using short-read based Next-generation sequencing (NGS)
is now a standard test for patients with a suspected genetic disorder (Table 2).12.13 Although
primarily designed to detect single-nucleotide variants, insertions and deletions and copy
number variants, recent advancements in bioinformatics tools enable NGS to analyze
multiple RE loci simultaneously and identify REs in genes of interest.14-18 Although some
tools can identify REs in both exome and genome data, others are tailored specifically for
genomes. Several recent studies have demonstrated the utility of exome/genome sequencing
in diagnosing REDs.19:20 However, current short-read NGS methods for RE detection
continue to face challenges due to both technological limitations and the complex nature

of these loci but are widely implemented across clinical laboratories worldwide.1516
Methodologies for detecting REs continue to advance with the development of long-read
sequencing technologies, which enable more accurate and comprehensive analysis of REs
and hold significant potential for broader future adoption in the molecular diagnosis of
REDs.3

The American College of Medical Genetics and Genomics (ACMG) has published several
Standards and Guidelines for Clinical Genetics Laboratories regarding the detection of RE
in specific REDs using RP-PCR and/or Southern blot analysis.8-10 Given the increased

use of NGS for the detection of REs, this Points to Consider document addresses the
complexities specifically associated with short-read NGS-based RE testing to facilitate a
better understanding for the end user. It outlines the emerging techniques for detecting REs
in clinical settings, provides considerations for clinical laboratories offering or introducing
RE testing through NGS, and offers considerations for healthcare providers regarding
comprehensive RE analysis from exome and genome data to facilitate the detection of
clinically relevant disorders.

METHODS

Review of the current literature and available guidelines, including PubMed and relevant
ACMG, Assaciation for Molecular Pathology, College of American Pathologists, and
American Society of Clinical Oncology guidelines was performed. The workgroup members
also used their expert opinion and empirical data to inform their recommendations. The
ACMG Laboratory Quality Assurance Committee reviewed the document providing further
input on the content, and a final draft was presented to the ACMG Board of Directors

for review and approval to post on the ACMG website for member comment. Upon

posting to the ACMG website, an email and link were sent to all ACMG members

inviting participation in the 30-day open comment process. All members’ comments and
additional evidence received were assessed by the authors, and these recommendations
were incorporated into the document as deemed appropriate. Member comments and author
responses were reviewed by representatives of the ACMG Laboratory Quality Assurance
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Committee and the ACMG Board of Directors. The final document was approved for
publication by the ACMG Board of Directors.

General Considerations

Repeat Expansion Size and Disease Associations: Accurate sizing of the RE is
critical for diagnosis, as the disease phenotype often correlates with repeat length
and risk of expansion (anticipation). Certain REs are associated with specific
genetic disorders, such as Huntington’s disease (MIM 143100) (CAG repeats

in HTT, HGNC:4851) or fragile X syndrome (MIM 300624) (CGG repeats in
FMRYI). The clinical context is essential to focus on relevant loci. Many RE loci
have defined size thresholds for pathogenicity, and it is important to distinguish
pathogenic from non-pathogenic alleles (Table 1).

Somatic Mosaicism: REs can vary in length across different tissues due to
somatic mosaicism, which complicates detection. Sampling different tissues
(eg, blood or saliva) may yield different outcomes, especially in diseases like
myotonic dystrophy type 1 (DM1, MIM 160900).22

Interrupted Repeat Alleles: REs often contain different motifs embedded
within their sequence, some of which have been known to play a crucial role in
modulating the stability and pathology associated with REDs. Interrupted repeat
alleles have been associated with the stabilization of repeat loci and modified
clinical presentation.23.24 For instance, repeat interruptions composed of CCG
and GGC motifs within DMPK (HGNC:2933) CTG REs modify mutational
dynamics and likely contribute to milder or unusual disease progression or
unknown clinical implications and/or interpretation325 (Table 1).

Incomplete Penetrance and Variable Expressivity: REs may not always lead
to clinical findings in every individual, and the severity of the phenotype can
vary widely. This complicates genetic counseling and risk assessment (Table 1).

Parental Testing and Anticipation: Because RES can increase in size in
subsequent generations, testing parents or multiple family members may help
assess risk for future offspring within a family.

Technical Limitations: Standard PCR methods may fail to amplify large REs,
necessitating alternative techniques like RP-PCR or Southern blotting for very
large REs. Short-read based NGS is a powerful method for detecting REs;
however, short-read based NGS results for REs, especially large ones, should
ideally be confirmed with alternative methods like Southern blot, RP-PCR, or
long-read sequencing based NGS, especially when used for clinical diagnostics
(Table 2).

Clinical Utility of Testing: Consideration of the clinical utility of RE testing,
particularly in the context of conditions where early diagnosis can lead to
improved management or treatment options in disorders such as spinocerebellar
ataxias or fragile X syndrome.

Genet Med. Author manuscript; available in PMC 2026 June 16.
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Considerations for Testing Laboratories

A variety of approaches, including molecular assays and genome sequencing/mapping
technologies, are available to detect and characterize REDs, as summarized in Table 2.
These approaches offer different utilities and present unique advantages and challenges in
genotyping, such as determining the accurate length or size of the RE, mapping the sequence
composition of the RE, and/or detecting any associated DNA methylation changes. Clinical
NGS can enable screening for REDs, with improvements in sequencing and repeat analytical
tools now making it feasible to analyze multiple loci in parallel.

Technical Considerations
Choice of Sequencing Technology

. The ability to reliably detect and genotype REDs by NGS depends on the
methodology used for library preparation, the sequencing read and DNA
fragment length, sequencing depth, and the ability of the STR callers to leverage
the different types of reads that originate from repeat regions.

. Exome sequencing enables the analysis of STR loci located within enriched
genes or coding sequences, while genome sequencing enables the analysis of
STRs in both coding and non-coding genomic regions.

. Inherent biases in the chosen technology can affect the detection of some
REs. For example, PCR amplification of the FAMMR1 locus is adversely affected
depending on the number of repeats.2922 In general, PCR-free genome
sequencing, which offers a more uniform coverage of the genome, yields
the best data for detecting REDs. Therefore, PCR-free genome sequencing is
recommended for optimal detection of REs in non-coding regions and REs in
regions prone to coverage bias.

Choice of Analysis Pipelines

. The performance of STR analysis tools for RE detection varies based on the
types of reads used—tools that rely solely on spanning reads are limited to
detecting REs shorter than ~150-250 bp, while those integrating spanning,
flanking, and in-repeat reads perform better for REs >350-550 bp.17:26 Although
spanning reads provide more accurate genotypes, confidence intervals are
typically reported for REs near or beyond read length. Additionally, software
performance can be influenced by the aligner used; thus, pipelines should
be validated if alternate aligners are employed. An ensemble approach using
multiple tools enhances confidence in RE calls and reduces false positives, while
adjusting the thresholds for confirmation (eg, lowering cut-offs for undersized
loci like FMR1) may help reduce false negatives.16

. Most STR genotyping tools rely on predefined repeat catalogs that limit analysis
to specified loci, with the number and content of loci varying by tool. Users
may add missing loci, though this is complex for repeats with intricate motifs
and requires precise structural knowledge of the repeat structure. Repeat catalogs
are critical, as even minor coordinate discrepancies can affect repeat length
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estimates. Furthermore, to integrate in-repeat reads effectively, catalogs should
include off-target loci (other STRs with the same motif where reads may

map incorrectly), which can improve accuracy but may also increase false
positives.16:17

. Visual inspection of candidate REs using specialized visualization software is
valuable for ruling out false positives, identifying repeat motif changes across
the full length of REs or at the distal ends of large expansions, and mapping
interruptions at both the 5” and 3’ ends—capabilities that surpass those of
RP-PCR, which only targets one end and displays all interruptions as gaps.
Such software also enables characterization of interrupting motifs and allows
haplotype-resolved analysis to distinguish interruption patterns between alleles,
which can be challenging due to overlapping peaks from both in RP-PCR
profiles.27:28

Validation of Analysis Pipelines

The rapid pace of disease-associated STR loci discovery necessitates the maintenance

of catalogs for RE analysis by software developers and/or users and the validation of
bioinformatics pipelines using control samples with REs of interest. Often, obtaining
access to published data (FASTQ/BAM files) for pipeline optimization is not possible due
to the ethical constraints that limit the open sharing of identifiable genomic sequences

of individuals. Simulated datasets are an alternative to real experimental data and have
been used in several studies to develop and validate computational methods. However,
care should be exercised in concluding pipeline/tool performances exclusively based on
simulations because simulated data do not faithfully reflect the inherent, systematic biases
of sequencing, which could result in erroneous inflation of the performance of tested tools.
For instance, the superior performance of RE genotyping software on simulated FMR1 REs
is because of the improved and uniform coverage of the GC-rich sequences in simulated
compared to real PCR+ and PCR-free GS.16

Control Datasets

Resources and databases of benign, known pathogenic repeats, their allele frequencies and
literature are available for public use, eg, STRipy, population data from the 1000 Genomes
Project (https:/stripy.org/),2% gnomAD STR database, https://gnomad.broadinstitute.org/
short-tandem-repeats?dataset=gnomad_r4), Tandem Repeat Aggregation Atlas (TR-Atlas)
(https://wlicb.oit.uci.edu/TRatlas/)3 and STRchive (https://strchive.org/).3! Positive controls
from EGAS00001002462, EGAS00001002598, and EGAS00001002593 are available upon
request to tweak and optimize pipelines; however, these resources lack samples with
specific disease-associated REs.32 Control cell lines are available for known REDs from

the Centers for Disease Control and Prevention Genetic Testing Reference Materials
Coordination Program (https://www.cdc.gov/lab-quality/php/get-rm/index.html) and the
Coriell Cell Repositories (https://www.coriell.org/). However, no control samples for any

of the pentanucleotide REs are available, highlighting the need for more control cell lines to
be established to ensure that the clinical labs can test, optimize, and validate their workflows
effectively.

Genet Med. Author manuscript; available in PMC 2026 June 16.
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Confirmation of RE loci detected by short-read based NGS by an alternative method is
essential due to the technical challenges in sizing REs with NGS alone. Techniques such as
RP-PCR and Southern blotting are commonly employed to confirm REs identified by NGS,
providing higher sensitivity and precision in determining repeat sizes and interruptions.33
Alternative confirmations are essential for clinical diagnostics, as they mitigate the risk

of false positives and false negatives and confirm allele length and composition, essential
for accurate interpretation of REs.34 The working group recognizes that the ability of

a confirmatory technique to reduce the risk of false negatives depends on its consistent

use when normal or non-positive results are obtained. It is therefore recommended that
laboratories establish defined cut-offs to guide when confirmatory testing should be

performed.

Recommendations for Short-read NGS-based RE Detection

It is recommended that the laboratory develop performance metrics focused on
validating the analytical performance of the RE, ensuring its ability to accurately
and reliably detect the expanded and non-expanded repeats in all categories
(normal, premutation, and full mutation). Laboratories must carefully consider
these metrics during assay design, validation, and routine operation to meet the
required standards and ensure the quality of their NGS testing services is robust
and reliable.

Whenever possible, laboratories may want to perform confirmatory testing of
expanded alleles using an alternative methodology as a standard component

of the testing workflow for RE loci (Figure 1), using set RE cut-offs for

when confirmatory testing needs to be performed based on laboratory validation
metrics.

In cases where a confirmatory assay is unavailable, laboratories may report
a repeat expansion with an appropriate recommendation for follow-up
confirmation if indicated.

As is true with any other molecular method, in the absence of appropriate
proficiency testing (PT) products available from the College of American
Pathologists (CAP) or other vendors for the variant type in question, it is
recommended that laboratories use alternative assessment approaches instead in
order to assess the accuracy of their method for the detection of any changes
associated with that variant type.

Comprehensive prospective studies comparing the cost and efficacy of the NGS-
based methods for screening for REs should also be performed before these
approaches are widely adopted.

Genet Med. Author manuscript; available in PMC 2026 June 16.
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Additional Emerging Technologies

Long-read Sequencing

Long-read sequencing (~15-20 kb reads) can genotype REs and detect
mosaicism, interruptions, and methylation changes in a single assay; targeted
approaches (eg, CRISPR-Cas9 enrichment and adaptive sampling) enable
parallel analysis of all disease-associated STR loci (Table 2).3

With improving accuracy and declining costs, long-read sequencing may serve
as a valuable follow-up to short-read RE screening, complementing existing
clinically validated tests and enhancing genotype-phenotype correlation analyses
for better understanding and treatment of RE disorders, as well as more precise
genetic counseling.3®

Limitations include the need for high molecular weight DNA, elevated
sequencing and data analysis costs, and higher error rates compared to short-
read sequencing—especially for reliably determining RE motif composition—
necessitating further technological refinements and benchmarking. Although the
accuracy of long-read sequencing has improved significantly, challenges remain
in reliably resolving repeat motif composition under sub-optimal coverage
conditions. These challenges are technology-specific and are being addressed
through ongoing platform improvements.

Optical Genome Mapping (OGM)

OGM offers high-resolution detection of large genomic rearrangements and is
increasingly used in rare disease diagnostics, especially for large REs like those
in Huntington’s disease or fragile X syndrome, due to its direct visualization of
repeats without amplification bias.36

Despite its advantages, OGM has limitations: it lacks sensitivity for small
REs, cannot detect single-nucleotide variants or differentiate pathogenic from
non-pathogenic motifs (eg, in RFCI, HGNC:9969), and cannot identify repeat
interruptions.

The method requires high-quality, high molecular weight DNA, has lower
throughput than NGS, and lacks clinical standardization, with complex
data interpretation needing specialized tools and expertise—yet it remains a
promising approach for analyzing large REs and structural variants.36:37

Reporting Considerations

Clinical reports for REs should follow the standard regulatory requirements for reporting
clinically significant results and should at a minimum include the following sections. For
asymptomatic testing, laboratory reports for asymptomatic individuals should not include
predictions of symptoms or age of onset based on expansion size (see “Test ordering and

report evaluation’ for details).

Reporting of NGS-based repeat expansion alleles can aid incorporation of repeat
expansion alleles into the electronic health record (EHR). If incorporating alleles

Genet Med. Author manuscript; available in PMC 2026 June 16.
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into their EHR, laboratories should ensure alleles are notated using repeated
sequences variant nomenclature guidelines (https://hgvs-nomenclature.org/stable/
recommendations/DNA/repeated/) as set forth by the Human Genome Variation
Society (HGVS).38

Report should include zygosity and the number of repeats in accordance with
HGVS repeated sequences variant nomenclature guidelines.

In accordance with state-accreditation and/or CAP-accreditation policies,
laboratories should clearly list the range of all interpretable repeat types (eg,
normal, intermediate/premutation, reduced penetrance, full mutation, etc) on
reports (for reference, the applicable CAP checklist item is MOL.36147). Alleles
should be reported as normal, intermediate (premutation), or pathogenic (full
mutation) range as defined by gene-specific guidelines. For example, in FMRZ:
normal < 44 repeats, intermediate 45-54 repeats, premutation 55-200 repeats,
pathogenic = 200 repeats.

For reporting of in-house laboratory-developed tests, limit of detection and
reporting threshold must be determined by individual laboratories. Additionally,
laboratories need to determine when confirmation by alternative methods is
necessary (eg, RP-PCR, Southern blot, long-read sequencing, etc).

Reporting of specific repeat numbers is recommended only when the call is
evaluated by an alternative method or according to the established laboratory
policies for confirmatory testing. In the absence of a confirmatory testing, a
specific repeat number may be reported when the call is supported by spanning
reads, as these provide the highest confidence. Otherwise, when spanning reads
are not available, it is recommended that the specific repeat number be reported
along with confidence intervals or ranges returned by the software. If the point
estimate falls in one classification (eg, intermediate or reduced penetrance),

but the confidence interval overlaps with another category (eg, premutation

or full penetrance), the repeat number could be reported with an appropriate
recommendation for follow-up confirmation.

It is recommended that information on controls and assay conditions be outlined
by the performing laboratory. The software version must be included in the
report.

Limitations of testing should be included in the report, including genes/loci not
tested.

Some REs may contain interrupted repeat motifs whose clinical implications are
currently not well established. Laboratories should indicate in their interpretation
the presence of such motifs of uncertain significance.

It is the responsibility of the laboratory to empirically determine the detection
limit(s) for their assays and include them in the methods and limitations section
of the clinical report.
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. If using a laboratory-developed test instead of a test approved by the Food and
Drug Administration (FDA), the following statement must be included in the
report: “This test was developed and its performance characteristics determined
by clinical laboratory following College of American Pathologists guidelines
(MOL.30785 and MOL..31590) or “specific” state guidelines. This test has not
been cleared or approved by the US Food and Drug Administration (FDA).

The laboratory is regulated under Clinical Laboratory Improvement Amendment
(CLIA)'88 as qualified to perform high-complexity testing. This test is intended
for clinical purposes and should not be regarded as investigational or for
research.”

Clinical Considerations

Diagnosis and Counseling: The accurate diagnosis of REDs is essential for the
application of appropriate therapies and management. Most REDs typically feature strong
genotype-phenotype correlations, with the size of the expansion correlating with the age

of onset and disease progression.® Strong clinical suspicion even in the absence of family
history requires diagnostic testing. For example, FMR1 is associated with three relatively
distinct disorders depending on repeat size (fragile X syndrome, FXPOI (Primary Ovarian
Insufficiency, Fragile X-associated, MIM 311360), and FXTAS (Fragile X Tremor and
Ataxia Syndrome, MIM 300623), each of which impacts different patient subgroups and
requires unique reporting, counseling, and management considerations.3 Each of these
disorders is correlated with a different RE length and therefore different downstream effects.

Test Ordering and Report Evaluation: Laboratory requests for REDs range from
asymptomatic testing, carrier screening, prenatal diagnosis, and diagnostic testing for
individuals with phenotypic findings. Reporting considerations differ in diagnostic test
requests used for known family history or symptomatic cases as compared to screening
requests for prenatal testing or due to suspicion of family history. In general, due to

the frequent limited availability of clinical information associated with requests for RED
testing, laboratory reports should not include predictions of symptoms or age of onset based
on expansion size. In addition, some tests may include detection of interruptions within
the RE; unless there is a well-established clinical utility of reporting variant repeats with
interruptions, it is not recommended to predict disease prognosis based on the detection of
expanded alleles with interruptions.

Prenatal Testing: Given that many REDs are associated with adult-onset
neurodegenerative diseases, the prenatal screening and diagnosis of REDs require extensive
genetic counseling. If prenatal testing is performed, it may not be possible to accurately
predict phenotypic outcomes for some disorders. Prenatal screening may bring challenges
for other family members as well, including the inadvertent diagnosis of symptomatic or
asymptomatic carriers (eg, FXTAS in the father of a carrier mother). Counseling should
include the consideration of follow-up testing for some members of the family as indicated,
as well as the availability of prenatal diagnosis and pregnancy management options. REDs
may be diagnosed in the presymptomatic setting during routine carrier screening (such as

Genet Med. Author manuscript; available in PMC 2026 June 16.
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fragile X syndrome on expanded carrier screening panels), and laboratory reports should
include recommendations for genetic counseling if identified.

With respect to late-onset disorders, prognosis and management may differ significantly
based on the specific RED. In general, the earlier the age of onset and the larger the RE, the
more severe the phenotype.2 Given genetic anticipation, individuals with milder, adult-onset
disorders may have offspring with more severe and earlier onset phenotypes.

CONCLUSION

Recent advances in NGS technologies coupled with the development of bioinformatic
pipelines have enabled the detection of REs for a variety of REDs. Although NGS

offers high-throughput capabilities and flexibility in read length, short-read platforms often
struggle with accurately genotyping large REs, and long-read technologies can suffer

from error rates requiring robust bioinformatic correction. Additionally, challenges such as
computational complexity, somatic mosaicism detection, and lack of standardized pipelines
highlight the need for necessary specifications on how best to apply NGS for RE detection.
Ongoing advancements in sequencing and data analysis are expected to address these
limitations.

Acknowledgments

This research was supported in part by the Intramural Research Program of the National Institutes of Health (NIH).
The contributions of the NIH author(s) are considered Works of the United States Government. The findings and
conclusions presented in this paper are those of the author(s) and do not necessarily reflect the views of the NIH or
the U.S. Department of Health and Human Services.

References

1. Malik I, Kelley CP, Wang ET, Todd PK. Molecular mechanisms underlying nucleotide repeat
expansion disorders. Nat Rev Mol Cell Biol. 2021;22(9):589-607. 10.1038/s41580-021-00382-6
[PubMed: 34140671]

2. Depienne C, Mandel J-L. 30 years of repeat expansion disorders: What have we learned and what
are the remaining challenges? Am J Hum Genet. 2021;108(5):764-785. 10.1016/j.ajhg.2021.03.011
[PubMed: 33811808]

3. Rajan-Babu I-S, Dolzhenko E, Eberle MA, Friedman JM. Sequence composition changes in short
tandem repeats: heterogeneity, detection, mechanisms and clinical implications. Nat Rev Genet.
2024;25(7):476-499. 10.1038/s41576-024-00696-z [PubMed: 38467784]

4. Ibafiez K, Jadhav B, Zanovello M, et al. Increased frequency of repeat expansion mutations across
different populations. Nat Med. 2024;30(11):3357-3368. 10.1038/s41591-024-03190-5 [PubMed:
39354197]

5. Paulson H. Repeat expansion diseases. Handb Clin Neurol. 2018;147:105-123. 10.1016/
B978-0-444-63233-3.00009-9 [PubMed: 29325606]

6. Wallace SE, Bean LJH. Resources for genetics professionals — Genetic disorders caused
by nucleotide repeat expansions and contractions. In Adam MP, Feldman J, Mirzaa GM, et
al., eds. GeneReviews. University of Washington; 2017. Accessed September 8, 2024. https://
www.ncbi.nlm.nih.gov/books/NBK535148/

7. Hiatt L, Weisburd B, Dolzhenko E, et al. STRchive: a dynamic resource detailing population-level
and locus-specific insights at tandem repeat disease loci. Genome Med. 2025;17(1):29. 10.1186/
s13073-025-01454-4 [PubMed: 40140942]

Genet Med. Author manuscript; available in PMC 2026 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guhaetal.

Page 12

8. Bean L, Bayrak-Toydemir P. American College of Medical Genetics and Genomics standards and
guidelines for clinical genetics laboratories, 2014 edition: technical standards and guidelines for
Huntington disease. Genet Med. 2014;16(12):e2. 10.1038/gim.2014.146 [PubMed: 25356969]

9. Prior TW. Technical standards and guidelines for myotonic dystrophy type 1 testing. Genet Med.
2009;11(7):552-555. 10.1097/GIM.0b013e3181abceOf [PubMed: 19546810]

10. Spector E, Behlmann A, Kronquist K, Rose NR, Lyon E, Reddi HV. Laboratory testing for fragile
X, 2021 revision: a technical standard of the American College of Medical Genetics and Genomics
(ACMG). Genet Med. 2021;23(5):799-812. 10.1038/s41436-021-01115-y [PubMed: 33795824]

11. Aydin G, Dekomien G, Hoffjan S, Gerding WM, Epplen JT, Arning L. Frequency of SCAS,
SCA10, SCA12, SCA36, FXTAS and C9orf72 repeat expansions in SCA patients negative for the
most common SCA subtypes. BMC Neurol. 2018;18(1):3. 10.1186/s12883-017-1009-9 [PubMed:
29316893]

12. Turro E, Astle WJ, Megy K, et al. Whole-genome sequencing of patients with rare diseases in
a national health system. Nature. 2020;583(7814):96-102. 10.1038/s41586-020-2434-2 [PubMed:
32581362]

13. Ashley EA. Towards precision medicine. Nat Rev Genet. 2016;17(9):507-522. 10.1038/
nrg.2016.86 [PubMed: 27528417]

14. Mousavi N, Shleizer-Burko S, Yanicky R, Gymrek M. Profiling the genome-wide landscape of
tandem repeat expansions. Nucleic Acids Res. 2019;47(15):e90. 10.1093/nar/gkz501 [PubMed:
31194863]

15. Tankard RM, Bennett MF, Degorski P, Delatycki MB, Lockhart PJ, Bahlo M. Detecting expansions
of tandem repeats in cohorts sequenced with short-read sequencing data. Am J Hum Genet.
2018;103(6):858-873. 10.1016/j.ajhg.2018.10.015 [PubMed: 30503517]

16. Rajan-Babu I-S, Peng JJ, Chiu R, et al. Genome-wide sequencing as a first-tier screening test
for short tandem repeat expansions. Genome Med. 2021;13(1):126. 10.1186/s13073-021-00932-9
[PubMed: 34372915]

17. Bahlo M, Bennett MF, Degorski P, Tankard RM, Delatycki MB, Lockhart PJ. Recent advances
in the detection of repeat expansions with short-read next-generation sequencing. F1000Res.
2018;7:F1000 Faculty Rev-736. 10.12688/f1000research.13980.1

18. Chintalaphani SR, Pineda SS, Deveson IW, Kumar KR. An update on the neurological short
tandem repeat expansion disorders and the emergence of long-read sequencing diagnostics. Acta
Neuropathol Commun. 2021;9(1):98. 10.1186/s40478-021-01201-x [PubMed: 34034831]

19. Fleszar Z, Dufke C, Sturm M, et al. Short-read genome sequencing allows “en route”
diagnosis of patients with atypical Friedreich ataxia. J Neurol. 2023;270(8):4112-4117. 10.1007/
s00415-023-11745-8 [PubMed: 37119371]

20. Ibafiez K, Polke J, Hagelstrom RT, et al. Whole genome sequencing for the diagnosis
of neurological repeat expansion disorders in the UK: a retrospective diagnostic accuracy
and prospective clinical validation study. Lancet Neurol. 2022;21(3):234-245. 10.1016/
S1474-4422(21)00462-2 [PubMed: 35182509]

21. van der Sanden BPGH, Corominas J, de Groot M, et al. Systematic analysis of short tandem
repeats in 38,095 exomes provides an additional diagnostic yield. Genet Med. 2021;23(8):1569—
1573. 10.1038/s41436-021-01174-1 [PubMed: 33846582]

22. Seifert BA, Reddi HV, Kang BE, Bean LJH, Shealy A, Rose NC. Myotonic dystrophy type
1 testing, 2024 revision: A technical standard of the American College of Medical Genetics
and Genomics (ACMG). Genet Med. 2024;26(8):101145. 10.1016/j.gim.2024.101145 [PubMed:
38836869]

23. Latham GJ, Coppinger J, Hadd AG, Nolin SL. The role of AGG interruptions in fragile X
repeat expansions: a twenty-year perspective. Front Genet. 2014;5:244. 10.3389/fgene.2014.00244
[PubMed: 25120560]

24. Matsuyama Z, lzumi Y, Kameyama M, Kawakami H, Nakamura S. The effect of CAT trinucleotide
interruptions on the age at onset of spinocerebellar ataxia type 1 (SCAL). J Med Genet.
1999;36(7):546-548. [PubMed: 10424816]

25. Braida C, Stefanatos RKA, Adam B, et al. Variant CCG and GGC repeats within the
CTG expansion dramatically modify mutational dynamics and likely contribute toward unusual

Genet Med. Author manuscript; available in PMC 2026 June 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guhaetal.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 13

symptoms in some myotonic dystrophy type 1 patients. Hum Mol Genet. 2010;19(8):1399-1412.
10.1093/hmg/ddgq015 [PubMed: 20080938]

Dolzhenko E, Deshpande V, Schlesinger F, et al. ExpansionHunter: a sequence-graph-based tool
to analyze variation in short tandem repeat regions. Bioinformatics. 2019;35(22):4754-4756.
10.1093/bioinformatics/btz431 [PubMed: 31134279]

Dolzhenko E, Weisburd B, Ibafiez K, et al. REViewer: haplotype-resolved visualization

of read alignments in and around tandem repeats. Genome Med. 2022;14(1):84. 10.1186/
$13073-022-01085-z [PubMed: 35948990]

Rajan-Babu I-S, Law H-Y, Yoon C-S, Lee CG, Chong SS. Simplified strategy for rapid first-line
screening of fragile X syndrome: closed-tube triplet-primed PCR and amplicon melt peak analysis.
Expert Rev Mol Med. 2015;17:e7. 10.1017/erm.2015.5 [PubMed: 25936533]

Halman A, Dolzhenko E, Oshlack A. STRipy: A graphical application for enhanced genotyping
of pathogenic short tandem repeats in sequencing data. Hum Mutat. 2022;43(7):859-868. 10.1002/
humu.24382 [PubMed: 35395114]

Cui Y, Ye W, Li JS, et al. A genome-wide spectrum of tandem repeat expansions in 338,963
humans. Cell. 2024;187(9):2336-2341.e5. 10.1016/j.cell.2024.03.004 [PubMed: 38582080]

Hiatt L, Weisburd B, Dolzhenko E, Rubinetti V, Avvaru AK, VanNoy GE, Kurtas NE, Rehm

HL, Quinlan AR, Dashnow H. STRchive: a dynamic resource detailing population-level and
locus-specific insights at tandem repeat disease loci. Genome Med. 2025 Mar 26;17(1):29. http://
doi: 10.1186/s13073-025-01454-4. [PubMed: 40140942]

Dolzhenko E, van Vugt JJFA, Shaw RJ, et al. Detection of long repeat expansions from PCR-

free whole-genome sequence data. Genome Res. 2017;27(11):1895-1903. 10.1101/gr.225672.117
[PubMed: 28887402]

Rehder C, Bean LJH, Bick D, et al. Next-generation sequencing for constitutional variants
in the clinical laboratory, 2021 revision: a technical standard of the American College

of Medical Genetics and Genomics (ACMG). Genet Med. 2021;23(8):1399-1415. 10.1038/
$41436-021-01139-4 [PubMed: 33927380]

Crooks KR, Farwell Hagman KD, Mandelker D, et al. Recommendations for next-generation
sequencing germline variant confirmation: A joint report of the Association for Molecular
Pathology and National Society of Genetic Counselors. J Mol Diagn. 2023;25(7):411-427.
10.1016/j.jmoldx.2023.03.012 [PubMed: 37207865]

de Boer EN, Scheper AJ, Hendriksen D, et al. Nanopore long-read sequencing as a first-

tier diagnostic test to detect repeat expansions in neurological disorders. Int J Mol Sci.
2025;26(7):2850. doi:10.3390/ijms26072850 [PubMed: 40243408]

van der Sanden B, Neveling K, Pang AWC, et al. Optical genome mapping for applications

in repeat expansion disorders. Curr Protoc. 2024;4(7):e1094. 10.1002/cpz1.1094 [PubMed:
38966883]

Facchini S, Dominik N, Manini A, et al. Optical genome mapping enables detection and accurate
sizing of RFC1 repeat expansions. Biomolecules. 2023;13(10):1546. 10.3390/biom13101546
[PubMed: 37892228]

den Dunnen JT, Dalgleish R, Maglott DR, et al. HGVS recommendations for the description of
sequence variants: 2016 update. Hum Mutat. 2016;37(6):564-569. 10.1002/humu.22981 [PubMed:
26931183]

Walsh MB, Charen K, Shubeck L, et al. Men with an FMR1 premutation and their health education
needs. J Genet Couns. 2021;30(4):1156-1167. 10.1002/jgc4.1399 [PubMed: 33788978]

Genet Med. Author manuscript; available in PMC 2026 June 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Guhaetal. Page 14

recessive RE carrier

!

[ Short read Next Generation Sequencing ]
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[ QC check and visualization of repeat pileups* ]
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[ Availability of an in-house confirmatory assay ]
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Figure 1. Laboratory flow chart for confirmation and reporting of RE loci using short-read NGS.
#QC performance metrics developed during the clinical validation studies. Low-quality calls

are due to ambiguous read mapping or insufficient read support.
*In the absence of an in-house confirmatory assay, QC passed expansion could be reported
with an appropriate recommendation for follow-up confirmation.
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