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Tandem repeats (TRs) are DNA sequences where specific
nucleotide patterns are repeated consecutively along the DNA
strand. TRs (�8.1% of the genome) constitute a substantial source
of genetic diversity within the human genome [1], influencing
complex traits and disease susceptibilities across populations
[2,3]. Over the past 30 years, TR expansions have been linked to
over 60 human diseases, predominantly neurological, including
Huntington’s disease, fragile X syndrome, and frontotemporal
dementia [3–5]. The length of TRs varies, ranging from a few base
pairs (bp) to thousands. They are typically categorized into two
main types based on motif length: short tandem repeats (STRs),
which consist of repeat units of 1–6 bp; and variable number tan-
dem repeats, which have longer repeat units (�7 bp) [1,4,5]. TRs
exhibit high levels of polymorphism, with mutation rates decreas-
ing as motif length increases [6–8]. TR variation can manifest in
both coding and non-coding regions; notably, more than 90% of
polymorphic TR loci are concentrated within intronic and inter-
genic regions [6]. Although TRs significantly contribute to genetic
variation, they have largely been overlooked in genomic research
due to technical challenges in sequencing and analysis, a historical
focus on single nucleotide variants (SNVs), limitations of bioinfor-
matic tools, biased database representation, and underappreciated
biological significance [2–6,9,10]. This paper aims to describe the
advancement of TR research in humans, focusing on large-scale
characterizations, current resources, and limitations.

Understanding the historical context and technical evolution of
TR profiling tools is essential to a comprehensive view of both pro-
gress and challenges in this field. In the 1970s, Southern blotting
was first effectively used to identify STR loci and genotypes, and
it remains in use today [1,2,5]. Later, technologies such as the poly-
merase chain reaction, optical genome mapping, and fluorescent
fragment analysis were developed, enabling extensive validation
of disease-associated TR loci [5]. For example, myotonic dystrophy
type 1 (DM1) results from a CTG repeat expansion in the DMPK
gene [11]. Recently, Yoon et al. [12] utilized Southern blotting to
identify a long CTG repeat expansion of over a thousand TR units,
diagnosing a previously undiscovered congenital DM1 case. These
methods are precise but complex, time-consuming, and labor-
intensive, limiting their use in genome-wide studies. Subsequently,
the advent of whole-genome sequencing (WGS) revolutionized the
field. Currently, short-read WGS (typically 100–150 bp) dominates
genomic diversity research and clinical diagnostics due to its low
base error rates, high coverage, and low cost. However, it struggles
to accurately genotype large and complex TR expansions, poten-
tially overlooking disease-associated TRs that exceed the read
length [2,5]. Alternatively, long-read WGS (e.g., Oxford Nanopore
Technologies (ONT) and PacBio sequencing) is capable of detecting
long TR alleles (>10 kb), can effectively resolve large and complex
TR expansions, and reliably identifies novel pathogenic loci [1–3,5].
However, long-read platforms generally suffer from lower
throughput, and higher costs, making them more suitable for spe-
cialized studies. Consequently, most large-scale TR efforts continue
to utilize short-read WGS.

Aside from advances in sequencing technologies, two other
major factors have enabled the rapid growth of TR research: (1)
the widespread availability of genomic data; (2) the development
of improved TR genotyping tools. The completion of the Human
Genome Project and the subsequent explosive increase of WGS
data in the public domain greatly accelerated the exploration of
human genetic variation. However, previous studies mainly
focused on SNVs, indels, and structural variants, with TRs remain-
ing largely uncharacterized due to methodological challenges and
the need for specialized bioinformatics approaches [1]. Thus,
despite the fact that data capable of generating novel TR insights
became widely available, there was a lack of computational tools
ready to genotype TRs within this data. In 2012, LobSTR became
the pioneering tool for genotyping TRs, opening the doors of pop-
ulation-level TR research; however, it fails to capture alleles longer
than the read length [5]. Even more recent methods such as
popSTR and HipSTR fail to address this limitation [6,7]. In contem-
porary TR research, specialized tools such as GangSTR, STRetch,
exSTRa, ExpansionHunter, and TREDPARSE (reviewed by Tanudis-
astro et al. [5]) can now detect expanded allele sizes larger than
read lengths. However, these tools cannot reliably quantify TR unit
numbers for these large expansions due to the read length of short-
read WGS. Additionally, these different methods exhibit their own
advantages and limitations. For example, while HipSTR cannot call
large repeat expansions, it can extract the repeat sequence and
haplotype. Both STRetch and exSTR perform well in determining
pathogenic expansions, but are limited to known TR loci. Therefore,
ing, and
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the selection of a method should be guided by specific research
objectives and informed by the limitations of each tool.

Despite the shortcomings of TRprofiling tools, the evolution of TR
research within the context of large-scale population data analytics
haswitnessed remarkable strides, providing unprecedented insights
into human genetic variation at population scales. Leveraging high-
throughput WGS data, particularly through short-read sequencing
technologies, has catalyzed substantial progress in this domain.
The progressive development of population-scale TR studies, refer-
encemaps, and resources canbe traced over the last decade (Fig. 1a):

(1) In 2014, the profiling of approximately 0.7 million STR loci
across more than 1000 individuals from Phase 1 of the 1000 Gen-
omes Project (1 KGP) marked a pivotal milestone in the character-
ization of human STR variation [8]. This represented the first
genome-wide, population-scale study of its kind. However, it was
Fig. 1. Ancestry representation and timeline of TR profiling in large population-scale W
analytics. The donut plot illustrates the proportions of ancestral components. Circle size r
‘‘M” in the table denotes million. (b) Ancestry-specific TR expansions. Histograms depic
represents the number of TR units, and the y-axis shows the frequency of each TR unit nu
Friedreich Ataxia; FAME: Familial Adult Myoclonic Epilepsy.
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limited by low coverage (�5�), resulting in diminished accuracy
and high rates of missing genotypes.

(2) In 2018, the first reference panel combining single nucleo-
tide polymorphisms (SNPs) and STRs was developed using high-
coverage (�30�) WGS data from nearly 2,000 individuals [10].
The aim was to provide a new haplotype panel resource to better
explain missing heritability links in human diseases.

(3) In 2020, Trost et al. [11] identified a robust association
between TR expansions and ASD, genotyping 0.32 million TRs
and 2,588 TR loci linked to ASD from the largest ASD cohorts ana-
lyzed to date (n = 17,231, �30� coverage). The detected TR expan-
sions accounted for 2.6% of inherited ASD risk and showcased the
importance of TR variation in human traits.

(4) The Genome Aggregation Database (gnomAD, https://gno-
mad.broadinstitute.org/) is a critical repository of human genetic
GS studies up to May 2024. (a) Timeline of TR profiling in population-scale data
epresents the total number of samples, with the sample size indicated in the center.
ting the distribution of TR units are based on the TR-gnomAD database. The x-axis
mber. DM1: Myotonic Dystrophy Type 1; HDL2: Huntington’s Disease-Like 2; FRDA:

https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/


W. Ye et al. Science Bulletin 69 (2024) 3633–3636
variation, serving as the gold standard reference map of human
variation since its inception in 2017 [13]. In 2022, 60 disease-asso-
ciated TRs were added to gnomAD. TRs were genotyped using
ExpansionHunter on 18,511 high-quality WGS samples.

(5) Later in 2022, a new software, STRipy, was released to sim-
plify the detection of STR expansions and the discovery of patho-
genic STR loci. The inventors of STRipy cataloged 55 disease-
associated STR loci from a cohort of 2,504 individuals from the
1KGP and provided an online tool for STR genotyping and
pathogenicity assessment (https://stripy.org/) [14].

(6) The Han Chinese, despite being the largest ethnic group
globally, have been underrepresented in genomic research.
Recently, Shi et al. [6] endeavored to redress this imbalance by
conducting a genome-wide investigation of STR variation in the
Chinese populace, leveraging datasets from NwuWa (n = 3,983,
�31.5�) and 1 KGP (n = 2,504, �33.3�). This study identified
366,013 polymorphic STRs, with 3,273 associated with gene
expression modulation.

(7) EnsembleTR, launched in late 2023, uses an ensemble
approach to derive high-quality genotypes, yielding over 1.7 mil-
lion TR loci from the 1KGP and H3African datasets (�30� cover-
age) [7]. This consensus TR dataset, spanning 3,550 individuals,
formed the foundation of WebSTR (https://webstr.ucsd.edu/), the
most comprehensive human genome-wide TR variation resource
developed up to this point [15].

(8) TR-gnomAD (https://wlcb.oit.uci.edu/TRgnomAD/), launched
in 2024, offers a biobank-scale reference map for TR expansions,
covering 338,963 individuals from diverse ancestries [9]. It repre-
sents a substantial stride forward in mapping human TR variation,
encompassing �100 times more individuals than the closest com-
parable resource, WebSTR. Importantly, it incorporated one of the
most diverse cohorts to date, containing �40% non-European indi-
viduals. Also of note, TR-gnomAD introduces a ‘‘TR disparity score”
to identify ancestry-specific TRs and serves as a valuable resource
for discovering disease-linked TR loci, Numerous known disease-
associated TRs (e.g., C9orf72 and DMPK) have been recapitulated
through TR-gnomAD, highlighting its capabilities.

From these studies, it becomes clear that TRs exhibit significant
human genetic variation, with allele length, expansion frequency,
and disease association differing widely between populations. His-
torically, most studies have focused on European ancestry, under-
scoring the need for future TR resources to include and profile
diverse and historically underrepresented ancestries. Diseases
associated with TR expansions often show varied distribution by
ancestry [3,6,7,9]. Some widely recognized examples include the
previously mentioned DM1 disease, caused by an expanded CAG
repeat in the DMPK gene; both the expansion and the disease are
notably less common in individuals of African compared to those
of European descent. In the Japanese population, a low prevalence
of GAA expansions in the FXN gene corresponds with low rates of
Friedreich’s ataxia compared to other populations. Familial adult
myoclonic epilepsy 1 is characterized by a TTTA repeat expansion
in the SAMD12 gene and preferentially occurs in patients of East
and South Asian descent, reflecting the higher frequency of expan-
sions in families from Japan, China, India, and Sri Lanka. Hunting-
ton disease-like 2 (HDL2) is caused by an inherited CAG/CTG
repeat expansion in the JPH3 gene; to date, HDL2 and its associated
TR expansion have only ever been reported in families of African
ancestry. Using the TR-gnomAD, we observed consistent ances-
try-specific TR expansions in line with reported disparities in dis-
ease prevalence (Fig. 1b).

Besides improving the inclusion of underrepresented popula-
tions, there is still significant progress to be made in TR research.
Importantly, despite recent advances in TR cataloging, only a por-
tion of TRs within the human genome have been profiled. For
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example, TR-gnomAD genotypes approximately 0.86 million TRs,
but still fails to capture the majority of TRs in the human genome.
Most tools attempt to call TRs using short-read WGS, which strug-
gles to accurately profile TRs larger than the read length. This lim-
itation leads to the underestimation of allele lengths for large TRs
(>150 bp), affecting the accuracy of de novo TR genotyping and the
identification of pathogenic TR expansions. In the previously men-
tioned report of a long expansion in DM1 disease, ExpansionHun-
ter estimated a repeat count of 64 compared to Southern
blotting, which more precisely identified the expansion to have a
count of 1,171 [12]. Additionally, long-read sequencing is far better
suited for genotyping TR loci with complex and expanded repeat
structures or in low-complexity, GC-rich, or repetitive regions that
are currently poorly profiled by short-read sequencing. For exam-
ple, the 1000 Genomes Project ONT Sequencing Consortium
(1KGP-ONT) has been leveraging ONT long-read sequencing to
enhance our understanding of human variation. Recent advances
in long-read sequencing technologies, such as the development
of more accurate base-calling algorithms and improved library
preparation techniques, have further increased the resolution and
reliability of TR detection (reviewed by Tanudisastro et al. [5]). In
the future, large long-read sequencing datasets will be crucial for
validating current TR tools and genotypes.

Taken together, TR research is an emerging field with substan-
tial room for improvement, both in the quality and breadth of data-
sets and in the development of more accurate TR genotyping tools.
As population-scale resources expand to include more individuals
and incorporate additional TRs as they are discovered, we move
closer to fitting another piece of the human genetic variation
puzzle.
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