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SUMMARY

The Genome Aggregation Database (gnomAD), widely recognized as the gold-standard referencemap of hu-
man genetic variation, has largely overlooked tandem repeat (TR) expansions, despite the fact that TRs
constitute �6% of our genome and are linked to over 50 human diseases. Here, we introduce the TR-Atlas
(https://wlcb.oit.uci.edu/TRatlas/), a biobank-scale reference of 0.86 million TRs derived from 338,963
whole-genome sequencing (WGS) samples of diverse ancestries (39.5% non-European samples). TR-Atlas
offers critical insights into ancestry-specific disease prevalence using disparities in TR unit number fre-
quencies among ancestries. Moreover, TR-Atlas is able to differentiate between common, presumably
benign TR expansions, which are prevalent in TR-Atlas, from those potentially pathogenic TR expansions,
which are found more frequently in disease groups than within TR-Atlas. Together, TR-Atlas is an invaluable
resource for researchers and physicians to interpret TR expansions in individuals with genetic diseases.

INTRODUCTION

The Genome Aggregation Database (gnomAD),1 widely recog-

nized as the gold-standard reference map of human genetic

variation, has served as an essential tool for interpreting single-

nucleotide variants (SNVs)1 and structural variants (SVs)2

identified in disease-association studies and clinical genetic

diagnostic tests. However, there is no biobank-scale reference

map for tandem repeat (TR) expansions, where an expansion re-

fers to an increase in the number of ‘‘TR units’’ (i.e., consecutive

repeated DNA sequences). To date, the only reference maps for

TR expansions were constructed from limited samples,3,4 e.g.,

3,350 individuals from the 1000 Genomes Project and H3Africa

cohorts.3 This limitation clearly underscores the urgent need to

develop a more comprehensive reference map of TR expan-

sions, thereby offering a complete understanding of human ge-

netic variation.

Millions of TRs, constituting �6% of the human genome, have

profound impacts on evolution and human disease.5 Compared

with SNVs and SVs, TRs have mutation rates that are several or-

ders of magnitude higher.6 Importantly, TR expansions are impli-

cated in more than 50 lethal human diseases, including amyotro-

phic lateral sclerosis (ALS),5 Huntington’s disease,5 and multiple

cancers.7 Furthermore, TR expansions captured by whole-

genome sequencing (WGS) have been widely used in the

diagnosis of rare diseases.8 Surprisingly, current biobank-scale

resources utilizing WGS data, such as gnomAD1 and the

Trans-Omics for Precision Medicine (TOPMed) program,9 have

largely overlooked TR expansions. This oversight means that,

despite the substantial contribution of TRs to monogenic and

complex genetic diseases,5 our understanding of TR expansion

spectrum at a biobank-scale remains strikingly limited.

RESULTS

A biobank-scale reference of TR expansions in 338,963
humans
Here, we introduce the TR-Atlas at the University of California, Ir-

vine (UCI TR-Atlas or TR-Atlas: https://wlcb.oit.uci.edu/TRatlas/),

a biobank-scale reference of TR expansions derived from

338,963 human genomes. These genomes represent diverse

ancestries (39.5% non-European), with an average WGS data

coverage of 333 (Figures 1A and 1B; Table S1). We used two

accurate and widely used TR genotypers, ExpansionHunter10

and GangSTR,11 to increase the coverage of TR genotyping.

This strategy enabled us to genotype 0.91 million TRs per individ-

ual. After removing low-quality TR alleles using TRTools,12 a total

of 0.86 million TRs were retained for further analysis (STAR
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Methods).We found that 30.5%of TRs have at least two common

(frequencyR 0.05) alleles, e.g., 15 TR units and 24 TR units in the

African ancestry in Figure 1D. The extremely large sample size and

diverse ancestries make TR-Atlas as a pivotal reference for TR

expansions.

TR-Atlas enables users to ascertain the prevalence or rarity of

a specific TR expansion within its respective ancestry

(Figures 1B–1D). Moreover, TR-Atlas offers critical insights into

ancestry-specific disease prevalence using disparities in TR

unit number frequencies among ancestries (Figures S1A and

S1B). Using the 2-Wasserstein distance—a classical metric in

mathematics that quantifies the difference between two distribu-

tions—we developed the TR disparity score (TRDS) to quantify

the difference between the TR unit number frequency distribu-

tions of two groups of human samples. The TR-Atlas browser

displays these TRDSs through an interactive world map (Fig-

ure 1B), comparing each ancestry to all TR-Atlas samples. Addi-

tionally, the browser also features heatmaps of TRDSs for direct

pairwise comparisons between ancestries (Figure 1C). We found

4.0% of TRs with high TRDSs (>5.0) in at least one ancestry. For

example, an intergenic TR located 32.8 kb upstream of the

SAMD13 gene had a distinct TR unit number distribution in the

African ancestry compared with other ancestries (Figures 1C

and 1D). Furthermore, we found that over 9.6% of TRs have mul-

tiple modes (peaks) in their TR unit number distributions, and

many of these TRs were found to be pathogenic (Figures 1E

and 1F). The increased frequency of expanded TR units, specific

to certain ancestries, could directly influence the ancestry-spe-

cific prevalence of the TR-associated diseases or traits. For

example, the prevalence of expanded CAG TR units in the

DMPK gene, responsible for myotonic dystrophy type 1 (DM1),

is notably less common in individuals of African ancestry than

in European ancestry (Figure S1A). This pattern corresponds

very well with the observed rarity of DM1 in Africa.13 Similarly,

the prevalence of expanded GAA TR units in FXN, linked to Frie-

dreich ataxia (FRDA), is less prevalent in East Asian samples than

in other ancestries (Figure S1B). This observation again mirrors

the low frequency of reported cases of FRDA in Japan.13 Further-

more, our analysis revealed amuch smaller TRDS between sam-

ples of the same ancestry (European) from different cohorts (UK

Biobank and TOPMed) compared with those observed between

samples of different ancestries (Figures S1C and S1D). This indi-

cates that combining multiple cohorts has minimal impact

on TRDS.

TR-Atlasmay serve as a control cohort for interpretating
pathogenic TRs
TR-Atlasmay be able to differentiate between common (presum-

ably benign) TR expansions, which are prevalent in TR-Atlas,

from those potentially pathogenic TR expansions, which are

found more frequently in disease groups than within TR-Atlas.

We evaluated the capacity of TR-Atlas to serve as a control

cohort for the interpretation of known clinically pathogenic

TRs. We genotyped 0.17 million TRs using ExpansionHunter10

in European samples related to four TR-associated rare diseases

from the UK Biobank, with case numbers ranging from 25 to 219.

Due to privacy constraints preventing access to real TR unit

numbers at the individual level, for each TR locus, we compared

its unit numbers within a disease group to those randomly

sampled (n = 18,000) from individuals of matched ancestry in

TR-Atlas. Please note that we strongly recommend using

matched ancestry in such analysis. A recent extensive clinical

study14 provides compelling evidence that short-read WGS,

when applied with a predefined risk threshold, can successfully

separate normal and risk TR groups. This approach achieves

97.3% sensitivity and 99.6% specificity when compared with

the gold-standard diagnostic method, PCR testing, even for dis-

ease TR loci with large repeat expansions (larger than the short-

read length 150 bp). Motivated by this study, we stratified TRs

into two groups for subsequent analyses based on a predefined

risk threshold of 99.5%percentiles. For example, in our test case

of CAG repeat pathogenicity at the DMPK locus (Figures 1H and

1K), TR extensions were stratified into two groups based on a

99.5% percentile threshold of 30 CAG repeat copies, corre-

sponding to a length threshold of 90 bp. According to this

threshold approach, individuals with TR expansions of greater

than 90 bp were classified as being in the risk group, whereas in-

dividuals with TR expansions of 90 bp or less were considered

normal. Both TR-based genome-wide association studies (TR-

based GWASs) and the chi-squared tests confirmed the associ-

ations of all four known pathogenic TRs with their related dis-

eases (Figures 1G–1L). For example, the risk of motor neuron

Figure 1. A biobank-scale tandem repeat expansion spectrum quantified from 338,963 whole-genome sequencing genomes in diverse

human ancestries

(A) The size and diversity of WGS samples in the TR-Atlas and WebSTR.3

(B) The TR-Atlas browser displays the TR disparity scores (TRDSs) between specific ancestries and all TR-Atlas samples for an intergenic TR at 32.8 kb upstream

of the SAMD13 gene. Node size represents sample size.

(C) Heatmaps of TRDSs in the TR-Atlas browser for an intergenic TR at 32.8 kb upstream of the SAMD13 gene. MENA represents the Middle East and North

Africa.

(D) Histograms in the TR-Atlas browser show the repeat unit number distributions for an intergenic TR at 32.8 kb upstream of theSAMD13 gene. In each panel, the

x axis denotes the number of TR unit, and the y axis denotes the frequency of each TR unit number. Each panel shows a merged ancestry.

(E) Three types of TR unit number distributions.

(F) The number and percentage of TRs in three types of TR unit number distributions. TR-related Mendelian disease genes in different types are shown as

examples.

(G–I) Manhattan plots of TR-based genome-wide association studies for MND (triangle) (G), FTD (circle) (G), myotonic disorder (H), and Huntington’s disease (I).

(J–L) TR unit number distribution (histograms, left axis) and disease odds ratios (lines, right axis) ofC9ORF72 TR units (J),DMPK TR units (K), andHTT TR units (L).

In (G)–(L), C9ORF72 TR units were stratified into two groups for phenotype analyses: short (%25 repeat units) and long (>25 repeat units). DMPK TR units were

stratified into two groups for phenotype analyses: short (% 30 repeat units) and long (>30 repeat units). HTT TR units stratified into two groups for phenotype

analyses: short (% 30 repeat units) and long (>30 repeat units). Error bars indicate 95% confidence intervals (CIs).

See also Figure S1.
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disease (MND) and frontotemporal dementia (FTD) increased

with a TR expansion (>25 copies) in the first intron of C9ORF72

(odds ratio [OR] = 54.2, two-sided p = 1.2e�44, c2, for MND;

OR = 41.5, two-sided p = 2.4e�14, c2, for FTD) (Figure 1J). Like-

wise, individuals with a 30 UTR TR expansion (>30 copies) in

DMPK were at a higher risk for myotonic disorder (OR = 323.4,

two-sided p = 2.2e�43, c2) (Figure 1K). Additionally, carriers

with a coding TR expansion (>30 copies) in HTT demonstrated

a higher risk for Huntington’s disease (OR = 639.8, two-sided

p = 3.2e�39, c2) (Figure 1L). Collectively, these results under-

score the potential utility of TR-Atlas as a tool to improve clinical

diagnosis.

DISCUSSION

Looking ahead, we intend to analyze more WGS data from

diverse backgrounds, with a particular focus on underrepre-

sented ancestries, including those within the All of Us

Research Program. In the next phase of TR-Atlas project,

we plan to genotype more TRs, prioritizing those recently

identified as disease-associated by long-read sequencing.15

In summary, freely available to the public, TR-Atlas stands

as an invaluable resource for researchers, physicians, and ge-

netic counselors to interpret TR expansions in individuals with

genetic diseases.

Limitations of the study
We acknowledge several limitations in our study. First, although

our TR-Atlas provides TR expansion reference maps for 11 sub

populations (Caribbean, Chinese, Indian, Pakistani, British, Esto-

nian, Irish, Cuban, Dominican, Puerto Rican, and Middle

Eastern/North African [MENA]), it does not yet cover certain un-

derrepresented ancestries, such as Australian, Pacific Islander,

andMongolian. The TR-Atlas team is committed to incorporating

these underrepresented ancestries as additional WGS data

become available. Second, although the current version of TR-

Atlas has successfully genotyped�0.86million TRs, this number

still represents a fraction of the total number of TRs in the human

genome. Future phases of TR-Atlas will prioritize the integration

of a greater number of high-quality TRs. Third, TR-Atlas has not

yet been used to identify unknown disease risk repeat expan-

sions or to define risk thresholds for known pathogenic TRs.

Further analyses involving patient cohorts potentially affected

by TRs will address these questions. Users should proceed

with caution to avoid case-control mismatch and ascertainment

bias when using TR-Atlas as a control cohort in these applica-

tions. Finally, the current version of TR-Atlas is limited to short-

read WGS data, for which there are large numbers of human

sequence samples available. While short-read WGS is increas-

ingly used as a first-line test for human genetic disorders,14 it

may underestimate the allele lengths of large expansions (i.e.,

>150 bp). However, the determination of TR pathogenicity

does not rely on the exact count of such large expansions, as evi-

denced by recent studies.12 Nonetheless, to enhance the quality

of TR-Atlas, we plan to include long-read sequencing data, such

as those from the ‘‘All of Us’’ project, in future versions of TR-

Atlas as soon as a large-scale long-read sequencing dataset be-

comes available.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Participants
Participants used in this study were included from five existing, publicly available cohorts: TOPMed, UK Biobank, Estonian Biobank,

1000 Genome Project and All of Us Research Program. Detailed information on the participant numbers from each cohort was

included in Table S1. More detailed information of these participants, such as age, sex, ancestry, could be found in each original

cohort. Sample size was determined based on the availability of existing samples in participating cohorts. No statistical methods

were used to predetermine sample size. All participants provided written informed consent and the project was approved by

each institution’s ethical committee.

METHOD DETAILS

WGS samples in TR-Atlas
In this study, we analyzed 338,963 WGS samples from five publicly available cohorts: TOPMed (n = 43,069),9 UK Biobank

(n = 188,326),16–18 Estonian Biobank (n = 2,279),27 1000 Genome Project (n = 3,202)20 and All of Us Research Program

(n = 102,087).19 Among the UK Biobank and All of Us Research Program data, samples with unknown ancestry information or mixed

ancestries were excluded. For the All of Us Research Program data, all European samples were also excluded in the analysis to save

computational cost. After filtering, 102,087 WGS samples from the All of Us Research Program and 188,326 samples from the UK

Biobank were retained. Detailed information on the WGS sample numbers of each ancestry from each cohort in TR-Atlas is included

in Table S1. We only used ancestry information provided by the participating cohorts in TR-Atlas.

TR genotyping and processing in TR-Atlas
Using two accurate and widely-used TR genotyping tools, ExpansionHunter10 and GangSTR,11 we genotyped 0.91 million TRs for

each WGS sample. The TR genotyping and filtering approaches were largely concordant with methodologies established in a pre-

vious study.3 ExpansionHunter v5.0.010 was run separately on each individual using the latest hg38 reference TR catalog (174,293 TR

loci) in the RepeatCatalogs (https://github.com/Illumina/RepeatCatalogs). GangSTR v2.511 was performed individually for each sam-

ple with non-default parameters –grid-threshold 250, –bam-samps and –samp-sex. The GangSTR reference TR catalog

(‘‘hg38_ver17.bed.gz’’) was downloaded from https://github.com/gymreklab/GangSTR, and there were 739,010 TR loci retained af-

ter excluding homopolymer TRs (e.g., AAAA) and sites overlap with the ExpansionHunter reference TR catalog using Bedtools

v2.29.2.23 MergeSTR in TRTools toolkit v4.0.112 with default parameters was performed to merge the VCF files of each individual

into a single VCF file. Samtools v1.1022 was used to compress and index VCF files. Both call-level and locus-level filtering were per-

formed in VCF files from each tool using dumpSTR12 in TRTools toolkit v4.0.112 with the following parameters: –min-locus-hwep

0.000001, –min-locus-callrate 0.4, –filter-regions hg38_segdup.sorted.bed.gz and –filter-regions-names SEGDUP. dumpSTR12

removed TRs with low call rate, TRs whose genotypes do not follow Hardy-Weinberg Equilibrium and TRs overlapping segmental

duplications downloaded from the UCSC Genome Browser.28 We additionally used the parameter –eh-min-call-LC 10 to remove

low quality calls for ExpansionHunter. For GangSTR, we additionally used parameters –max-call-DP 1000, –min-call-DP 10,

–gangstr-filter-spanbound-only and –gangstr-filter-badCI to remove low quality TRs. To achieve harmonization across different co-

horts, we applied the same TR genotyping and quality control methodology pipelines for each cohort. After the TR genotyping and

filtering, we adopted the approach outlined in the previous published paper,3 combining TR genotypes of the same ancestry from

different cohorts for subsequent analyses.

TR disparity score
The 2-Wasserstein distance is a classical metric inmathematics that quantifies the difference between two distributions. In this study,

we developed the TR disparity score (TRDS) to quantify the difference between the TR unit number frequency distributions of two

groups of human samples using the 2-Wasserstein distance. The 2-Wasserstein distance (TRDS) in TR-Atlas was calculated using

waddR v1.16.0.21

Comparison of TRDS from different cohorts
To demonstrate that samples from different cohorts do not impact the ancestry related TRDS differences, we conducted the TRDS

comparison analysis using European samples from UK Biobank (n = 181,350 samples) and TOPMed (n = 20,854 samples). Only co-

horts with large European sample size (n > 10,000) were considered. To make TRDS from different TRs comparable, TRDSs were

normalized from 0 to 1 in Figure S1C.

TR genotyping in disease cohorts
To evaluate the capacity of TR-Atlas to serve as a control cohort for the interpretation of known pathogenic TRs, we obtained WGS

data of European individuals with TR-associated rare diseases from theUKBiobank. In total, 25Huntington’s disease cases, 32Myo-

tonic disorder cases, 87 Frontotemporal dementia cases and 291 Motor neuron disease cases were used in the analysis.

ExpansionHunter v5.0.010 was run separately on each individual using the latest hg38 reference TR catalog (174,293 TR loci) in
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RepeatCatalogs (https://github.com/Illumina/RepeatCatalogs). Both call-level and locus-level filtering were performed in VCF files

from each tool using dumpSTR12 in TRTools toolkit v4.0.112 with the following parameters: –eh-min-call-LC 10, –min-locus-callrate

0.4, –filter-regions hg38_segdup.sorted.bed.gz and –filter-regions-names SEGDUP. dumpSTR12 removed TRs with low quality, low

call rate and TRs overlapping segmental duplications downloaded from the UCSC Genome Browser.28

TR-based genome-wide association analyses
We performed TR-based genome-wide association analyses (TR-based GWAS) for four diseases (Huntington’s disease, Myotonic

disorder, Frontotemporal dementia and Motor neuron disease) to show the capacity of TR-Atlas to serve as a control cohort for

interpreting known pathogenic TRs. Due to privacy constraints preventing access to real TR unit numbers at the individual level in

TR-Atlas, for each TR locus, we compared its unit numbers within a disease group to those randomly sampled (n = 18,000) from in-

dividuals of matched ancestry in TR-Atlas. Motivated by a recent extensive clinical study,14 we stratified TRs into two groups for sub-

sequent analyses based on a predefined risk threshold of 99.5% percentiles. For example, in our test case of CAG repeat pathoge-

nicity at the DMPK locus, TR extensions were stratified into two groups based on a 99.5% percentile threshold of 30 CAG repeat

copies, corresponding to a length threshold of 90bp. According to this threshold approach, individuals with TR expansions of greater

than 90bp were classified as the being in the risk group, whereas individuals with TR expansions of 90bp or less were considered

normal. We then performed TR-based GWAS by SKAT24 to identify TR expansions which were enriched in the disease cohorts.

We performed the analysis using the ‘‘SKATBinary_Robust’’ function with parameter ‘‘Burden’’ in SKAT24 to reduce false positive

results when case-control ratios were extremely unbalanced. We further performed Chi-Squared tests using epitools v0.5-10.125

to confirm the enrichment of significant TRs (TR-based GWAS P-value % 1.0E-8) in patients. Disease risk odds ratios were also

computed by epitools v0.5-10.1.25 Manhattan plots were created using CMplot.26

QUANTIFICATION AND STATISTICAL ANALYSIS

Chi-Squared tests and disease risk odds ratios between TR expansion risk and normal groups were analyzed using statistical R

package epitools v0.5-10.1.25 Two-sided P-values of < 0.05 were considered statistically significant. Error bars, 95% CIs.
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Figure S1. Example TR repeat unit number distributions and TR disparity scores between different samples, related to Figure 1

(A) The heatmap of TRDS and the histogram of TR unit number distribution for a CAG TR in the 30 UTR of DMPK. The prevalence of expanded CAG TR units in the

DMPK gene, responsible for myotonic dystrophy type 1 (DM1), is notably less common in individuals of African ancestry than in individuals of European ancestry.

(legend continued on next page)
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(B) The heatmap of TRDS and the histogram of TR unit number distribution for a GAA TR in the intron of FXN. The prevalence of expanded GAA TR units in FXN,

linked to Friedreich ataxia (FRDA), is lower in East Asian samples than in other ancestries. The histogram x axis denotes the number of TR unit, and the y axis

denotes the frequency of each TR unit number.

(C) The boxplot shows much smaller TRDSs between samples of the same ancestry (European) from different cohorts (UK Biobank and TOPMed) than those

observed between samples of different ancestries. TRDSs are normalized from 0 to 1. The center horizontal lines within the plot represent the median values, and

the boxes are bounded by the 25th and 75th percentiles.

(D) The heatmap of TRDSs for an example TR (GGC repeat at the 50 UTR of DIP2B) across different ancestries and cohorts.
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