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Abstract

Short tandem repeats (STRs) are consecutive repetitions of one to six nucleotide motifs.
They are hypervariable due to the high prevalence of repeat unit insertions or deletions
primarily caused by polymerase slippage during replication. Genetic variation at STRs
has been shown to influence a range of traits in humans, including gene expression,
cancer risk, and autism. Until recently STRs have been poorly studied since they pose
significant challenges to bioinformatics analyses. Moreover, genome-wide analysis of
STR variation in population-scale cohorts requires large amounts of data and



computational resources. However, the recent advent of genome-wide analysis tools has
resulted in multiple large genome-wide datasets of STR variation spanning nearly two
million genomic loci in thousands of individuals from diverse populations.

Here we present WebSTR, a database of genetic variation and other characteristics of
genome-wide STRs across human populations. WebSTR is based on reference panels
of more than 1.7 million human STRs created with state of the art repeat annotation
methods and can easily be extended to include additional cohorts or species. It currently
contains data based on STR genotypes for individuals from the 1000 Genomes Project,
H3Africa, the Genotype-Tissue Expression (GTEX) Project and colorectal cancer patients
from the TCGA dataset.

WebSTR is implemented as a relational database with programmatic access available
through an APl and a web portal for browsing data. The web portal is publicly available

at http://webstr.ucsd.edu.
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Introduction

Advances in next-generation sequencing (NGS) have enabled generation of deep
catalogs of human genetic variation, and resulted in the discovery of an extensive set of
disease-associated variants. The majority of NGS applications have focused on single
nucleotide polymorphisms (SNPs) or short insertions and deletions (indels). Tandem
repeats are an additional rich source of genetic variability that have been largely
overlooked due to technical difficulties in obtaining accurate genotypes. Here we focus
primarily on short tandem repeats (STRs) with repeat unit lengths of 1-6 bp. Collectively,
STRs span around 3% of the human genome, more than the entire protein coding exome
[1]. STRs are enriched in gene regulatory regions ([2],[3]), and variation in repeat copy
number can impact gene regulation through a variety of mechanisms, including modifying
transcription factor binding sites, altering DNA methylation patterns [4], or other means.
Larger expansions of the number of repeated units in STRs are implicated in dozens of
disorders [5], such as Huntington’s Disease [6] and Fragile X Syndrome [7], and more
modest stepwise changes have been implicated in complex traits including blood and lipid
biomarkers ([8], [9]). STRs have also served as genetic markers for diagnostics in cancer
research and play a role in many cancers, including colorectal [10] and breast cancers
[11].
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Due to the highly polymorphic nature [1] of STRs and high rates of sequencing errors in
these regions, short-read NGS pipelines struggle with STRs [12] and routinely filter them
out from further analysis [13]. However, recent advances in both sequencing technologies
and computational approaches enable accurate genotyping of STRs from sequencing
data. Multiple tools are now available for genotyping a range of STRs. For example,
GangSTR [14,15] and ExpansionHunter [14] incorporate multiple properties of paired-end
reads into models capable of genotyping both normal length and expanded repeats.
HipSTR [16] is a haplotype-based method that takes into account the repeat sequence,
as well as the length, of each allele. HipSTR has shown higher accuracy than GangSTR
[17] but only considers repeats fully enclosed within the read length. Importantly, these
tools require a reference panel of known STR locations. Repeat annotation remains a
difficult task, with multiple repeat detector programs often producing contradictory results
[18]. TRAL [19,20] introduces a statistical framework to help address this challenge using
a multi-step tandem repeat annotation workflow. Applications of the methods described
above have revealed novel impacts of STRs on gene expression [21],[22],[23], and protein
functions in neurodevelopmental conditions [24], [25].

Performing STR annotation and genotyping in sufficiently large cohorts for downstream
applications such as genome-wide association studies (GWAS) or expression
quantitative trait loci (eQTL) analysis presents a significant computational burden.
Further, implementing these pipelines and interpreting the results can require domain
expertise and programming knowledge. Web interfaces, such as the recently published
gnomAD browser [26], can provide informative statistics and visualizations of genotyping
summary statistics that are easily accessible and interpretable even by researchers
without bioinformatics expertise. While gnomAD includes data for a small number of
known pathogenic STRs, no existing web browser presents genome-wide variation data
for a large set of STRs.

We present WebSTR, the first comprehensive resource for genome-wide STR variation
and other characteristics of STRs. WebSTR is based on reference panels of more than
1.7 million human STRs created with state of the art repeat annotation methods. It
currently combines data from five different studies as well as new data from the Sinergia-
CRC cohort described here, and can be easily extended to incorporate additional cohorts
or STR loci. WebSTR provides a browsable web interface for exploring summary level
data at each STR, including allele frequencies, mutation rates, and trait associations. It
also supports programmatic access to the data to enable further analysis or integration
with third party tools. We envision WebSTR will serve as a valuable community resource
and facilitate future studies of genome-wide STR variation.

Results
WebSTR database

WebSTR (http://webstr.ucsd.edu), aggregates data from several studies on STRs that
collectively annotate over 1.7 million loci in the human genome. These studies present
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data from multiple cohorts, including data on colorectal cancer (CRC) from TCGA [27],
the 1000 Genomes Project [28], H3Africa [29], and the Genotype-Tissue Expression
Project [30] (Table 1). For each STR, multiple metrics are reported, including average
repeat length, population-specific allele frequencies, associations with expression levels
of nearby genes, mutation rates, and imputation metrics. Reference genome coordinates
for each STR as well as the repeated motif are also stored and displayed. It is important
to note that for complex STRs we currently report only the consensus motif based on the
reference genome, this is due to the differences in how repeat motifs are handled by
different genotyping tools.

These datasets are stored in a PostgreSQL database, which is accessed by the web
portal through an application programming interface (API; Figures S1-2).

WebSTR interface overview

Users can access the data through a web portal by specifying a reference genome build
and searching for a gene or genomic region of interest (Figure 1A.1). A valid search takes
the user to the region-level page. The top of this page displays the exon/intron structure
of genes in the region as well as the genomic location of each STR in the region, shown
as dots color-coded by the repeat unit length. This page additionally displays a table of
all STRs identified in the region (Figure 1A.2) which includes the coordinates, repeat unit
sequence, and length of the repeat in the reference genome.

From the region-level page, users can select a specific STR of interest to view the locus-
level page. This page displays the STR sequence and its genomic context based on a
reference genome and contains histograms to visualize population-specific allele
frequencies at the locus. It additionally shows locus-level statistics collected from various
studies, including imputation quality metrics, estimated mutation rate, and trait
associations. Results from different studies can be displayed or hidden by clicking on the
respective title boxes.

Programmatic access to the WebSTR database

For accessing data on repeat locations and variation for a larger genomic region or for
several genes at once, we made annotations using the hg38 assembly version available
through an API hosted at http://webstr-api.ucsd.edu/. A set of endpoints allows users to
access gene annotation features that are used for WebSTR visualizations. Further, all
repeats from different reference panels can be queried by Ensembl gene identifiers, gene
names or genomic coordinates. Variation data is available on a cohort level on the repeats
endpoint or can be queried by a repeat ID if it is available on a locus level. By default, the
WebSTR-API returns results in JSON format but an option for streaming downloaded
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data as a csv file is also available. Documentation for the available endpoints is available
on the main page of the WebSTR-API (http://webstr-api.ucsd.edu/).

Although WebSTR is publicly hosted and currently includes datasets listed in Table 1,
users may also deploy a local version of the WebSTR browser and API to explore data
from their own cohort of interest by extending existing Python modules. Instructions for
doing so are provided on the WebSTR github page (https:/github.com/gymrek-
lab/webstr). Additional cohorts will be added to the public WebSTR version as they
become available and based on community requests.

Case study using the API

To illustrate the utility of the WebSTR API to enable custom applications, we set up a
comprehensive case study to investigate and visualize the associations between STR
variations, gene expression and somatic mutation in colorectal cancer (CRC) patients
(Figure 1B). Data on STR locations and locus variation obtained from the WebSTR
database was integrated with controlled variation data on the individual patient level, as
well as the clinical and transcriptomics data available from the TCGA Consortium [27].
This case study was performed on data from 28 normal and 377 tumor samples of CRC
patients from TCGA projects COAD and READ. The dashboard allows users to input a
gene of interest and displays an overview of all nearby STRs and their length variations
for the targeted gene in all tumor samples (Figure 1B.1). By selecting an STR, users can
explore the relationships of STR length variation and gene expression in both normal and
tumor samples (Figure S2). When normal samples were available, comparisons between
paired normal and tumor samples were provided. For tumor samples, users can select
different cancer subtypes to refine visualization and analysis. In addition, the STR length
distribution and STR-gene expression graphs were generated based on the targeted
gene mutation status in tumor samples (Figure 1B.1). This tool is being used to explore
potentially clinically relevant STR loci in colorectal cancer.

Materials and Methods
Platform architecture

An overview of the WebSTR architecture along with implementation choices is available
in Figure S3. All reference STR panels, corresponding gene annotations and variation
data for each cohort are stored in a relational database (PostgreSQL [31]) using the
database schema shown in Figure S4. The backend of WebSTR, a RESTful
(REpresentational State Transfer) API to access the data, is implemented using the
FastAPI Python framework (v.0.68.0) [32]. SQLAIchemy (v. 1.4.23) [33] and SQLModel
(v.0.0.4) [34] are used as the Object Relational Mapper (ORM) between PostgreSQL and
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Python. APl documentation was auto generated using Redocly [35]. The front-end of the
interactive web application is implemented using Python/Flask, together with Bootstrap
and Javascript. The Plotly package (v.2.16.1) [36] is used for interactive data
visualizations.

Genome-wide reference panels for Human STRs
EnsembleTR Panel and older studies available through WebSTR

The ensembletr_hg38 panel is based on the GRCh38 reference assembly and contains
1.7 million unique autosomal STRs based on a combined set of TRs genotyped by four
separate methods (HipSTR [16], GangSTR [14,15], ExpansionHunter [14], and AdVNTR
[37]). Detailed procedures on how this panel was constructed are described in [38].
Previous panels for hg19 are based on the published HipSTR hg19 reference
(https://github.com/HipSTR-Tool/HipSTR-references/) and include STR data compiled
from multiple sources described in Table 1.

Sinergia-CRC Panel

The Sinergia-CRC STR panel (gangstr_crc_hg38 in Table 1) is based on the GRCh38
reference assembly and is newly presented in this study. This panel is an annotation of
all 19,814 protein coding genes included in GENCODE v22 [39] (the same version used
by TCGA), plus 5 kb upstream of transcription start sites. It contains 1,548,993 STRs with
repeat units of 1-6bp, where the copy number for repeat units sizes 1, 2, 3,4, 5and 6 is
at least 9, 4, 4, 3, 3 and 3 units in the reference genome, respectively.

Repeat detection was performed using the tandem repeat annotation library (TRAL) [20].
TRAL enables running various repeat detection algorithms, integrating their outputs and
processing the results. STRs were detected with PHOBOS [40], XSTREAM [41] and TRF
[42] using their default parameter settings in TRAL. To filter out false positives, STRs with
divergence >= 0.1 or p-value >= 0.05 were discarded. The panel was made non-
redundant and subsequently refined using circular-profile hidden Markov models [18].
More details are available in Supplementary Material.

A generalized pipeline for STR genotyping from NGS data is illustrated in Figure 2. The
Sinergia-CRC repeats were genotyped using GangSTR (v.2.5) (default parameters and
a --nonuniform flag due to exome data) [15] on TCGA-412 (Figure S1), a subset of
genomes from patients with colorectal cancer available through the TCGA consortium
[27]. This subset of data has been formed for other studies performed within the Sinergia
study; the logic behind its creation is described in [43].

The resulting genotyping VCF files was filtered using TRTools (v5.0.1) [44], the dumpSTR
utility to filter on call coverage and remove all calls that are not spanning or bounding or
where ML estimate is outside of the confidence interval (parameters: --gangstr-min-call-
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DP 20, --gangstr-max-call-DP 1000, ---gangstr-filter-spanbound-only, --gangstr-filter-
badCl).

Patient-level length variation data of each STR is available only upon approval from the
TCGA consortium as it can potentially be used to identify the patient. Cohort-level
summary statistics describing locus-level patterns of genetic variation is stored in the
WebSTR database and is publicly available for each STR. The following parameters can
be accessed: the average amount of repeat units difference that was found for this locus
between healthy and tumor sample (avg_size diff), the total number of patients where
the locus was called in both the healthy and tumor sample (total_calls), the fraction of
patients where a difference in repeat size was observed between healthy and tumor for
this locus (frac_variable).

Code and data availability

Reference panels created for studies stored in WebSTR are freely accessible at the
WebSTR downloads page (http://webstr.ucsd.edu/downloads). Additional data needed to
fully set up the project locally is available upon request. Code and instructions to set up
WebSTR database and API locally are available on https://github.com/acg-
team/webSTR-API/. Code and instructions for a local set up of the web portal are
available on https://github.com/gymrek-lab/webstr
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Figure legends

Figure 1. A) Overview of WebSTR web browser features. Top=Screen capture of a result
on the region-level page for an example search of WebSTR using a gene name query;
bottom=example allele frequency visualizations displayed on the locus-level page. Each
color denotes a different population. B) Example application of the WebSTR API to enable
visualization of STR variation in the TCGA CRC dataset. Using an input field for a gene
of interest (1) users can explore STRs in this region and their length variations (number
of repeat units) in tumor samples. (2) Interactive visualization tool that allows users to
explore the relationship between STR length variation and somatic mutations. The violin
plot shows the length distribution of selected STRs in tumor samples with (+) and without
(-) point mutations in the selected gene. The split violin plot further shows the relationship
of STR length and gene expression across mutated and unmutated tumor samples.

Figure 2. STR genotyping pipeline. The first step in this workflow is creating a reference
panel of STRs, a set of repeats found in the reference genome of interest. At this stage
various tandem repeat prediction tools can be used. STR panel and sequencing data
(whole genome or whole exome sequencing) will then serve as inputs to the STR
Genotyping tools. The output of this step is usually variant calls in the vcf format that can
be further filtered and processed, for easier access and analysis they are then imported
to WebSTR database using a set of Python scripts.
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Table 1: Summary of genome-wide reference panels for Human STRs and other datasets
available through WebSTR. WebSTR database contains genotyped data from many different
sources that are organized as different study cohorts. Reference panels for Human Reference
genome hg38 have been analyzed on colorectal cancer (CRC) patients data from TCGA [44], the
1000 Genomes Project [1] and H3Africa [25]. Reference panel for hg19 [10,32] has been used on
data from the Genotype-Tissue Expression Project (GTEX) [17], The Simons Simplex Collection
(SSC) [10,32], the 1000 Genomes project and the Simons Genome Diversity Project (SGDP) [18]
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WebSTR Highlights:

STRs have often been overlooked in human variation studies due to challenges
in annotating and genotyping them, as well as by limited and low quality
sequencing data. Although bioinformatics tools have enabled profiling STR
variation genome-wide at population scale, existing large databases of human
genetic variation do not explicitly handle STRs.

WebSTR is the first comprehensive resource for genome-wide STR variation in
humans, and currently contains data for approximately 1.7 million unique STRs.
It enables users to easily view summary statistics including population-specific
allele frequencies, mutation rates, and phenotype associations for specific STRs
of interest. Users may additionally browse for STRs by gene or genomic region.

WebSTR can be extended with results from other genotyping studies and is
coupled with programmatic access to download the data.

In making STR variation data easily accessible to the wider scientific community,
we hope to increase awareness of the important regulatory roles these genetic
elements play and to facilitate use of existing large STR genotype datasets by
the broader genomics community
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