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  Background
A large proportion of the risk for common age-associ-
ated brain disorders, such as Alzheimer’s and Parkin-
son’s disease, is genetically determined. Over the past few 
decades, genome-wide association studies (GWAS) have 
provided insights into the genetic underpinnings of many 
neurodegenerative and age-related brain diseases [1–4]. 
However, a substantial amount of the genetic basis of 
these diseases still remains unknown. A potential cause 
of this “missing heritability” conundrum is that many 
GWAS have predominantly focused on the role of sin-
gle nucleotide polymorphisms (SNPs), often neglecting 
the potentially important contributions of other sources 
of genomic variation. Repetitive regions of the human 
genome such as retrotransposable elements and short 
tandem repeats (STRs) are among the most polymorphic 
structural genetic variants and may account for part of 
the “missing heritability” problem of brain disorders.

STRs, also referred to as microsatellites, are generally 
defined as DNA sequences consisting of repeated motifs 
of 1–6 base pairs [5]. �ese conspicuous sequences are 
not only ubiquitous in the human genome but are also 
substantially more polymorphic than SNPs due to rep-
lication slippages [6]. Variations in STRs copy numbers 
therefore contribute substantially to genetic diversity [7]. 
STRs are particularly known for their genomic instability, 
which often leads to dynamic changes in repeat length 
across generations as well as within somatic tissues [8]. 
Indeed, genomic instability-induced repeat expansion 
in certain genes is thought to have given rise to repeat 
expansion disorders (REDs), most of which are character-
ized by neurological abnormalities [8]. Even though the 
pathological consequences of large repeat expansions are 
well documented, much less is known about the poten-
tial effects of repeat length variation within the normal or 
premutation range of the respective loci. �is knowledge 
gap is particularly striking for brain-related phenotypes 
in the general population. STRs are prone to somatic 
expansion over time due to replication-associated muta-
tions, which suggests that even subtle variations in repeat 
length could influence brain structure and function 
across the lifespan [9]. Understanding these dynamics 
could therefore provide valuable insights into the broader 
role of STR variations as determinants of brain structure, 
particularly in the context of aging.

An important implication of age-related somatic 
instability is the possibility that STR variants exert 

age-dependent effects, particularly on cognition and 
other brain-related traits. We previously demonstrated 
that cytosine-adenine-guanine (CAG) repeat length vari-
ations in three polyglutamine disease-associated genes 
(PDAGs) were significantly associated with cognitive 
decline [10]. Furthermore, we observed that large nor-
mal-range CAG repeats in TBP and ATXN7 genes were 
linked to an increased lifetime risk of depression [11], 
while those in AR and ATXN1 gene modified disease 
expression in Alzheimer’s disease [12]. Collectively, these 
findings underscore the potential role of STRs in modu-
lating brain function even below the pathogenic expan-
sion threshold associated with REDs.

�e direction and magnitude of the effects of non- and 
sub-pathological allele lengths in REDs genes, however, 
remain to be fully elucidated. Interestingly, the Kids-
HD study, a longitudinal study of early manifestations 
of Huntington’s disease (HD) in children and young 
adults, demonstrated that CAG repeat mutation carriers 
in the HTT gene exhibited significantly better cognitive, 
behavioral, and motor performance than non-expanded 
gene carriers in early life. �e characteristic structural 
and functional brain decline emerged later, following 
this initial peak in brain performance [13]. �ese results 
align with the evolutionary theory of antagonistic pleiot-
ropy, which was first proposed by Williams in 1957 and 
has been refined and supported by recent findings from 
other species [14]. �is theory posits that certain genetic 
variants that may confer advantages early in life could 
become detrimental in later years [15]. �is may be par-
ticularly the case for some human-specific STR loci that 
initially may have evolved to confer advantages in cogni-
tive capacity [16–18].

�e examples detailed above represent only a minute 
fraction of the vast STR landscape. �e human genome 
contains hundreds of thousands of STRs whose potential 
influence on brain-related traits remains largely unex-
plored. �erefore, here we aimed to systematically inves-
tigate the relationship between STR polymorphisms and 
brain imaging-derived phenotypes across the adult lifes-
pan in two large, well-characterized, population-based 
cohorts of European ancestry. Our findings indicate that 
moderate STR expansions, particularly in genes linked 
to neurodegeneration, can indeed act as region-specific 
determinants of brain morphology and provide further 
support for the antagonistic pleiotropy hypothesis of STR 
expansions in humans.

function. By leveraging large population-based cohorts, our study extends current understanding of how repetitive 

genomic elements contribute to inter-individual variation in brain structure beyond the effects of single-nucleotide 

variation.
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Methods
Experimental design

�is population-based research was conducted using two 
well-characterized cohorts to investigate the contribution 
of STR variation to individual differences in brain struc-
ture. �e study followed a two-stage design: discovery in 
the Rhineland Study cohort (N = 2,958) and replication in 
the UKB cohort (N = 38,879). With this setup, we aimed 
to identify specific STR loci and polygenic STR patterns 
associated with brain imaging-derived phenotypes.

Cohorts description

Rhineland study

We used data from the first 2,958 participants of the 
Rhineland Study – an ongoing population-based cohort 
study in Bonn, Germany – in whom both DNA sam-
ples and brain imaging-data were available. �e Rhine-
land Study recruits individuals from two geographically 
defined districts in Bonn and aims to investigate the eti-
ology, risk factors and predictive biomarkers of aging and 
age-associated (brain) diseases [19]. Eligible participants 
aged 30 years and older are invited to the study center, 
where they undergo comprehensive physical examina-
tions and in-depth (endo)phenotyping. To ensure clear 
understanding of the study procedures and informed 
consent, sufficient proficiency in German is required for 
inclusion. �e protocol of Rhineland Study was approved 
by the ethics committee of the University of Bonn Medi-
cal Faculty (Ref: 338/15). �e study is conducted accord-
ing to the International Conference on Harmonization 
Good Clinical Practice standards (ICH-GCP), with writ-
ten informed consent obtained in accordance with the 
Declaration of Helsinki.

UK biobank study

�e UKB is one of the largest population-based cohort 
studies to date, including over 500,000 participants. �e 
study was launched in 2006 with invitations sent to 9.2 
million eligible individuals aged 40–69 years living in 
England, Scotland, and Wales. Approximately 500,000 
participants enrolled by attending one of 22 assessment 
centers across the UK, where baseline data were collected 
through touchscreen questionnaires, verbal interviews, 
and physical assessments. Biological samples were also 
obtained to enable genotyping and a wide range of hema-
tological and biochemical assays [20, 21]. In 2014, the 
UKB launched its imaging initiative, inviting participants 
back for multimodal imaging assessments as part of a 
follow-up visit [22]. For the present study, we included 
49,304 participants who completed their first imaging 
visit, of whom 45,306 also had WGS data available. We 
chose the UKB to assess the directional consistency of 
STR–brain imaging-derived phenotype associations in 
an independent population with large-scale, harmonized 

imaging and genomic data. While differences in sequenc-
ing and genotyping approaches may influence absolute 
STR lengths, the analysis was intended to evaluate con-
sistency in the direction and pattern of observed effects. 
Approval for conducting UKB Study was received from 
the National Information Governance Board for Health 
and Social Care and the National Health Service North 
West Centre for Research Ethics Committee (Ref: 11/
NW/0382). Every participant provided written informed 
consent. �is research was conducted under project ID 
82056.

Targeted STR panel design

For participants of the Rhineland Study with available 
DNA samples obtained from whole blood, an amplicon-
based targeted sequencing approach was applied for the 
genotyping of 2940 TR-containing regions. �ese 2,940 
polymorphic STR loci were selected through a multi-
step curation process. First, we compiled STRs previously 
implicated in repeat expansion disorders using publicly 
available databases (i.e., STRipy, ExpansionHunter cata-
log, and disease-specific literature) [23, 24]. Second, we 
identified STRs located within or proximal (± 10 kb) to 
genes associated with neurodevelopment or brain struc-
ture based on Gene Ontology annotations and prior 
comparative genomics studies [17, 18, 25–33]. Finally, 
we incorporated highly polymorphic forensic STR mark-
ers (i.e., CODIS and Marshfield panels) to ensure rep-
resentation of genome-wide variability. A complete list 
of all selected STR loci, including genomic coordinates, 
gene annotations, and selection category, is provided 
in Additional file 3. Subsequently, a custom targeted 
amplicon panel targeting these loci was designed in col-
laboration with Illumina Concierge Design Services using 
DesignStudio to maximize in-silico coverage and opti-
mize primer configurations. All loci and assay regions 
were selected to ensure comprehensive coverage of the 
intended targets.

DNA extraction and library preparation

Genomic DNA was extracted from peripheral blood sam-
ples of 2958 participants of the Rhineland Study using 
standard magnetic bead-based protocols and quantified 
through Qubit fluorometry [34]. Libraries were prepared 
using the AmpliSeq Library PLUS kit (Illumina, 384 reac-
tions per kit) following the manufacturer’s recommen-
dations [35]. For each reaction, 50–100 ng of genomic 
DNA was used as input. Multiplex PCR was performed 
for targeted amplification of the panel regions. Follow-
ing amplification, PCR products underwent enzymatic 
primer digestion and magnetic bead-based purification. 
Purified amplicons were indexed using the AmpliSeq 
CD Index Set A-D, enabling assignment of unique dual 
indices to 96 samples per set to facilitate multiplexing. 
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demands and restrict analyses to loci of interest, we gen-
erated a custom variant catalog. To build this catalog, 
we first identified genomic intervals containing exact 
repeats of DNA motifs (1–10 bp in length) across the 
autosomes of the GRCh38 reference genome. �is was 
achieved using our in-house tool STRfinder/STRbean 
(v1.0), applied to the selected STR targets [41, 42]. To 
filter out low quality STR loci, we implemented a filter-
ing step in STRfinder using the sequence complexity of 
flanking regions. Sequence complexity was estimated 
using Shannon entropy and sequence repetitiveness, and 
loci with low diversity were excluded from downstream 
analyses [43]. Each identified locus was then annotated 
based on GENCODE v38  (   h t  t p s  : / / w  w w  . g e n c o d e g e n e s . o r 
g / h u m a n / r e l e a s e _ 3 8 . h t m l     ) . �e STRfinder output, gener-
ated in BED format, was subsequently converted into a 
JSON-formatted variant catalog compatible with Expan-
sionHunter using customized scripts [44]. �e final cata-
log contained 2,817 polymorphic STR loci (excluding sex 
chromosomes), which were then used for downstream 
genotyping. Notably, this customized catalog was con-
sistent with those produced by recently published STR 
catalog generation protocols [44]. Additional file 1: Fig. 
S1 shows the distribution of STR tract lengths across the 
genomic regions included in our customized panel, as 
annotated in the human reference genome.

Quality-control of genotyped STRs

�e approach utilized in the STR genotyping and filter-
ing steps followed established methodologies [23, 45, 46]. 
Briefly, we run ExpansionHunter version 5 separately on 
each individual BAM file with default parameters using 
our custom variant catalog (as described above). �e 
individual ExpansionHunter VCF outputs were subse-
quently sorted, compressed and indexed using bcftools 
(version 1.15.1) [47]. �e indexed files were further pro-
cessed using the DumpSTR algorithm from the TRTool 
Suite (6.1.0) to perform call-level and locus-level filter-
ing as published [46, 48]. Additionally, the parameter 
--eh-min-call-LC 10 was included in DumpSTR algo-
rithm to remove low quality calls. Taken together, these 
steps effectively removed low quality STRs as well as loci 
whose genotypes did not follow Hardy-Weinberg Equi-
librium (at p < 0.001). Moreover, as an additional qual-
ity-control step, we applied REViewer (version 0.2.7) to 
a subset of randomly selected ExpansionHunter output 
files to visualize read alignments at individual loci [49]. 
�is step was particularly important for evaluating gen-
otype calls where the repeat region exceeded the read 
length or where the ExpansionHunter-genotyped con-
fidence intervals were wide, enabling a more accurate 
assessment of genotyping quality. �e same STR geno-
typing and quality-control pipelines were applied to both 
cohorts. For the UKB cohort, the variant catalog included 

Indexed libraries were quantified (Qubit) and normal-
ized for pooling. Equal molar pools were prepared for 
sequencing following Illumina’s guidelines. We measured 
the size-distribution using the Agilent high sensitiv-
ity D5000 assay on a TapeStation 4200 system (Agilent 
technologies).

Targeted sequencing

Pooled libraries were sequenced on an Illumina Nova-
Seq 6000 platform using the SP Reagent Kit (500-cycle 
configuration, 2 × 250 bp paired-end reads). Given 
the amplicon-based design, the average insert size was 
approximately 120 bp, corresponding to the targeted 
amplicon length. Sequencing achieved a targeted mean 
coverage depth of 180×. While ~ 30× coverage is typical 
for whole-genome sequencing, higher depth is advanta-
geous for targeted STR sequencing and was therefore 
prioritized in this study. All sequencing procedures were 
performed according to the manufacturer’s workflow for 
denaturation, dilution, and loading (Illumina, NovaSeq 
6000 System Guide). Quality control was performed on 
the FASTQ files using FastQC with default parameters 
(Version 0.11.9), after which the high quality reads were 
aligned to the human reference genome (GRCh38) using 
the BWA-mem algorithm (version 0.7.17) [36, 37]. �e 
diploid genotypes in all 2940 loci were then estimated 
with ExpansionHunter version 5 using our custom vari-
ant catalog [38].

UK Biobank whole genome sequencing protocol

�is study utilized available WGS data from the UKB, 
which was performed on the Illumina NovaSeq 6000 
platform using 2 × 150 bp paired-end reads, with a mean 
coverage of approximately 32.5× per sample and stan-
dard fragmentation-based library preparation. Sequence 
reads were mapped to the GRCh38 human reference 
genome using the BWA algorithm. �e study design, 
sample selection, and bioinformatic pipeline have been 
extensively detailed previously [39, 40]. To perform STR 
genotyping in the UKB cohort, we implemented Expan-
sionHunter version 5 as a custom applet and deployed 
it through the DNAnexus toolkit on the UKB Research 
Analysis Platform. �is setup enabled efficient and scal-
able genotyping of STRs directly from the aligned WGS 
data.

Custom variant catalog design for targeted STR 

genotyping

�e ExpansionHunter algorithm requires a variant cata-
log, which is a structured JSON file that specifies the 
genomic coordinates, locus structure, and repeat motif of 
the loci to be genotyped. Publicly available catalogs exist 
for genome-wide STR genotyping and for disease-spe-
cific pathogenic loci. However, to reduce computational 
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only loci corresponding to the top STR association hits 
for each phenotype, forming a subset of the main variant 
catalog.

Outlier and rare expansion detection

STR genotyping benefits from longer sequencing read 
lengths to accurately resolve repeat tracts. In the Rhine-
land Study, sequencing reads were approximately three 
times longer than those in the UKB. However, challenges 
in accurately calling repeat lengths persisted particularly 
for expansions approaching or exceeding the read length. 
To enhance the reliability of STR calls, we employed 
a density-based spatial clustering of applications with 
noise (DBSCAN) approach, as described previously [50]. 
DBSCAN is a non-parametric clustering algorithm that 
identifies dense clusters of data points - here, repeat 
length estimates - while flagging isolated points in low-
density regions as potential outliers. �is method enabled 
robust identification of individuals harboring unusually 
long STR alleles for each locus, thereby minimizing the 
inclusion of spurious or artefactual repeat calls.

Polygenic STR burden

To assess polygenic STR burden, we performed a strati-
fied analysis using predefined tract length thresholds of ≥ 
1, ≥5, ≥ 10, and ≥ 20 repeat units longer than the GRCh38 
reference genome. We considered the longer of the 2 
alleles at each locus. �e longer allele was used in that 
context because the burden framework was designed to 
capture the cumulative effect of expanded alleles exceed-
ing biologically motivated thresholds for known repeat 
expansion disease loci and graded increase in expansion 
magnitude for the other loci with unknown pathogenic 
threshold. At each threshold, we quantified the number 
of STR loci exceeding the specified repeat length for each 
individual which we referred to as polygenic STR expan-
sion burden metric. �is score was then tested for asso-
ciation with brain imaging-derived phenotypes while 
controlling for covariates stated in the Statistical Analy-
ses section. �is approach follows a prior study of STR 
expansion burden [50]. Because the pathogenic tract 
length is unknown for the vast majority (~ 95%) of STR 
loci included in our panel, biologically validated, locus-
specific expansion thresholds are currently unavailable. 
Hence, we used this method to capture a gradient of 
expansion severity.

Imaging data

In the Rhineland Study, we used a bespoke imaging pro-
tocol to acquire MRI images from participants at two 
study sites. �is involved the use of two identical 3T MRI 
scanners, each equipped with 64-channel head-neck 
coils (MAGNETOM Prisma; Siemens Healthcare). �e 
detailed imaging protocol of the Rhineland Study has 

been described previously [51]. In this study, we utilized 
only the 0.8 mm isotropic T1-weighted (T1w) scans from 
the Rhineland Study-acquired sequences. �e Rhineland 
Study T1w protocol employs a multi-echo magnetization 
prepared rapid gradient echo (MPRAGE) sequence [52] 
with 2D acceleration [53]. Detailed sequence parameters 
are provided in Additional file 1: Table S1.

Participants from the UKB imaging sub-study were 
invited to one of three dedicated imaging centres, each 
equipped with an identical 3T Siemens Skyra scan-
ner [54]. �e MRI acquisition protocol was harmonized 
across sites, with identical hardware configuration and 
standardized examination procedures. �e UKB imag-
ing protocol has been described previously [54, 55], and 
all acquired sequences are summarized in Additional file 
1: Table S2. Consistent with the Rhineland Study data-
set selection, only T1w scans were analysed in the cur-
rent study [55]. UKB 1 mm isotropic T1w images were 
acquired using a 3D MPRAGE sequence with the follow-
ing parameters: repetition time (TR) = 2000 ms, echo 
time (TE) = 2.01 ms, inversion time (TI) = 880 ms, flip 
angle = 8°, and field of view (FOV) = 208 × 256 × 256 
mm³ [55].

For both cohorts, T1w images were then processed 
using the FreeSurfer pipeline (v6.0), a neuroimaging 
software package for automated cortical and subcortical 
segmentation, to derive imaging-derived phenotypes for 
subsequent analyses [56]. A total of 45 brain imaging-
derived phenotypes, primarily consisting of volumet-
ric and subcortical brain measures, were tested in our 
genetic association analysis. Although the acquisition 
protocols differed between the two cohorts, the T1w 
sequences used follow state-of-the-art acquisition stan-
dards, such as MPRAGE, which is highly recommended 
for morphometric studies because of its superior gray/
white matter contrast [52]. Moreover, differences in 
native image resolution between cohorts are unlikely to 
substantially affect downstream analyses, as the standard 
FreeSurfer processing pipeline resamples all scans to a 
uniform 1 mm isotropic resolution.

Gene ontology enrichment analysis

GO enrichment analysis was conducted in the R statis-
tical environment (v4.1.0). Prior to this, we performed 
a genome-wide annotation of approximately 1.2 million 
STRs identified in the GRCh38 human reference genome. 
To determine the genomic context of each STR, we per-
formed a proximity search against annotated human 
genes from the UCSC Genome Browser (GRCh38 ref-
erence genome) using the TxDb.Hsapiens.UCSC.hg38.
knownGene package. �e goal was to identify the near-
est gene for each STR locus. Only STRs located within 
a maximum distance of 250 kb from a gene’s TSS were 
retained for further analysis. �is approach ensured that 
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the analysis focused on potentially regulatory or func-
tionally relevant loci. Finally, the Entrez IDs of these 
nearest genes were subsequently mapped to their official 
gene symbols using the org.Hs.eg.db annotation pack-
age [57]. �is method ensured that all STRs were asso-
ciated with their closest gene and that the gene names 
were standardized for downstream interpretation. Next, 
we evaluated the genes in our custom STR panel at pre-
defined expansion thresholds based on carrier frequency 
within each cohort. At each threshold (≥ 1, ≥ 5, ≥10, or 
≥ 20 repeat units longer than the reference), we identi-
fied the most frequent genes shared between cohorts 
and used these for gene set enrichment analysis. Subse-
quently, functional enrichment analysis was performed 
using the selected genes at the respective thresholds 
as input using gprofiler2 (v0.2.3) [58]. A custom back-
ground gene set, comprising all genes associated with the 
original STR reference panel, was used to ensure enrich-
ment tests were limited to the relevant genomic space. 
�is over-representation analysis was conducted against 
multiple databases, including GO Biological Process, 
GO Molecular Function, GO Cellular Component, the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) and 
Reactome. Enrichment of GO and pathway terms was 
assessed using a cumulative hypergeometric test, and 
statistical significance was defined as p < 0.05 after cor-
rection for multiple testing using the FDR method. We 
note that the STR set analyzed in this study was selected 
using a hypothesis-driven approach, enriched for loci 
previously implicated in STR-associated disorders and 
genes involved in neurodevelopmental processes. �ere-
fore, enrichment analyses were performed conditionally 
within this predefined STR panel rather than across the 
whole genome. Functional enrichment was assessed only 
among genes containing STRs meeting the predefined 
expansion thresholds within this targeted set.

Statistical analyses

Demographic characteristics were summarized 
as means with standard deviations, while sex was 
reported as percentages. For the single association 
testing we used allele dosages, which was calculated 
as the mean of the two STR alleles genotyped at each 
locus. This is consistent with prior STR association 
studies as this provides a statistically stable represen-
tation for quantitative traits and avoids over-param-
eterization, particularly for loci with a wide range of 
allele lengths [59, 60]. Since most of the STR geno-
types were not normally distributed, we first applied 
rank-based inverse normal transformation to these 
genotypes. We then performed multiple linear regres-
sion to assess the association between STR dosage and 
brain imaging-derived phenotypes, using STR dosage 
as a continuous variable (main independent variable) 

and the brain imaging-derived phenotypes as depen-
dent variables. In each model, age was included as a 
covariate to account for well-established age-related 
variation and decline in global and regional brain vol-
umes [61]. Sex was included to adjust for known sex 
differences in brain morphology and volumetric mea-
sures [62]. Extracted total intracranial volume (eTIV) 
was included in volumetric models to control for inter-
individual differences in head size. To account for 
potential confounding due to population stratification, 
genetic principal components derived from genome-
wide microarray data in the respective cohorts were 
included in the model. These components capture 
ancestry-related genetic variation and reduce the risk 
of spurious associations. To assess potential non-lin-
earity in age effects on brain–imaging phenotypes, we 
compared linear and quadratic age models using like-
lihood ratio tests. In addition, we generated LOESS 
plots of covariate-adjusted outcomes (residuals after 
regressing out sex, intracranial volume, and genetic 
principal components) against age to visually evaluate 
deviations from linearity. Based on these analyses, the 
majority of phenotypes demonstrated non-linear age 
effects (37/45 in the Rhineland Study and 41/45 in the 
UKB). Accordingly, a quadratic age term was included 
in all models to flexibly capture potential non-linear 
age-related variation where present. Furthermore, 
sensitivity analyses were performed to evaluate the 
potential impact of imaging acquisition site. Inclusion 
of imaging site as a covariate in the Rhineland Study 
cohort did not materially alter the observed asso-
ciations, with consistent effect directions and relative 
effect sizes retained. In the UKB cohort, imaging data 
were acquired using harmonized protocols and cen-
tralized quality control procedures; however, imaging 
site contributions were substantially imbalanced (Bris-
tol: n = 54; Cheadle: n = 22,888; Newcastle: n = 10,530; 
Reading: n = 5,407). Given the robustness of the find-
ings, together with the substantial site imbalance in 
UKB, imaging site was not included in the primary 
analytical models for either cohort. We report the esti-
mates and p-values of the rank-based inverse normal 
transformed STR genotypes. To correct for multiple 
comparisons across the tested loci, we applied Bonfer-
roni correction by setting the significance threshold 
to p < 0.05/2477 for the number of independent loci 
tested. For the polygenic STR burden, a total of 4 STR 
burden thresholds were evaluated across 45 imaging-
derived phenotypes (180 nominal tests). The Li & Ji 
method was applied to estimate the effective num-
ber of independent imaging tests [63]. This method 
accounts for the correlation among the brain imaging-
derived phenotypes. Based on the number of effective 
tests, the statistical significance threshold was set at 
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0.05/26 for the Rhineland Study and 0.05/22 for the 
UKB. The analysis in the UK Biobank aimed to assess 
directional consistency across loci identified in the 
discovery cohort. Directional consistency was defined 
by concordant effect directions between datasets and 
evaluated independently of statistical significance. 
STR loci showing concordant effects were considered 
directionally consistent, while those additionally meet-
ing the Bonferroni-corrected threshold (α = 0.05/n) 
were considered statistically significant.

As a sensitivity analysis, we additionally performed 
10,000 permutations of the STR burden predictors to 
empirically evaluate the adequacy and robustness of the 
multiple-testing correction under the correlated testing 
structure. Empirical family-wise error rate thresholds 
derived from the permutation analyses were broadly con-
sistent with those obtained using the Li & Ji approach; 
therefore, the Li & Ji correction was retained as the pri-
mary multiple-testing framework.

Results
STR profiling in two independent cohorts

For discovery we utilized data from the first 2,958 par-
ticipants of the population-based Rhineland Study in 
whom both brain imaging data and DNA samples were 
available (see Table 1 for participant characteristics). We 
performed targeted sequencing (with paired-end 2 × 150 
bp reads) of ~ 3,000 STR loci using an amplicon-based 
targeted sequencing approach on the Illumina platform. 
For replication of our findings, we used the UKB as an 
independent cohort. Specifically, we focused on partici-
pants with available brain imaging data from the UKB 
imaging sub-study [22]. Of the ~ 50,000 individuals 
with imaging data available, whole genome sequencing 
(WGS) data were available for 45,306 participants. WGS 
in UKB was also conducted using the Illumina platform 
with ~ 30× coverage and 150-bp paired-end reads [40]. 
Unlike the Rhineland Study, which is a relatively homo-
geneous cohort of predominantly European ancestry, the 
UKB is more genetically diverse. �erefore, to minimize 
population structure differences between the cohorts, 
we restricted our replication analyses to 38,879 UKB 

participants of genetically determined British ancestry 
(Table 1).

Population characteristics

Among participants included in the Rhineland Study, the 
mean age was 54.1 ± 13.5 years, with women compris-
ing 57.1% of the sample. On the other hand, participants 
from the UKB study had a mean age of 55.1 ± 7.5 years, 
with 52.8% women. Additional characteristics of the 
brain imaging-derived phenotypes such as global mea-
sures (e.g., total brain volume, total gray matter volume) 
and subcortical structures (e.g., thalamus and related 
regions) are provided in Additional file 1: Table S3.

Selection and characterization of STR loci for association 

testing

To investigate the effect of STR polymorphisms on 
brain health, we first conducted comprehensive targeted 
genetic association analyses. Our initial customized 
STR catalogue included 2,817 loci which were carefully 
curated based on their previously reported roles in brain 
structure and function, as well as their potential asso-
ciation with neurological disorders as identified through 
comparative genomic studies [17, 18, 25–28]. Addition-
ally, highly polymorphic STR loci commonly used in 
DNA fingerprinting and linkage studies – such as those 
included in the Marshfield genetic map – were included 
in our catalogue [64]. From this, we focused on 2,447 
STRs that were polymorphic, defined here as show-
ing variability in tract length across the participants of 
the Rhineland Study. �e genomic distribution of these 
analysed STRs is summarized in Fig. 1. �e majority of 
STRs (46.9%) were located within intronic regions, fol-
lowed by distal intergenic regions (21.1%), defined as 
sequences outside gene bodies and ≥ 3 kb from the near-
est transcription start site (TSS). Additionally, 11.8% 
were positioned 1–5 kb upstream of the TSS, while 14.7% 
resided within promoter regions (< 1 kb upstream of the 
TSS). Only a small proportion were located within exonic 
regions (5.4%) or untranslated regions (UTRs, 0.2%).

Locus-specific genetic association analyses

In our genetic association analyses, we used allelic dosage, 
defined here as the mean repeat length of the two alleles 
per STR locus, as the primary independent variable in a 
multiple linear regression framework. We then applied a 
rank-based inverse-normal transformation to account for 
the non-normal distribution observed at most STR loci. 
All models were adjusted for age, sex, the first 10 genetic 
principal components as well as other relevant covariates 
as described in the ‘Statistical Analyses’ section of the 
Methods. In the Rhineland Study discovery cohort, we 
observed heterogeneous patterns of association between 
STR loci and brain morphology across multiple regions. 

Table 1 Participant characteristics in the Rhineland Study and 

UK Biobank Imaging Substudy

Variable RS Cohort UKB Cohort

Sample size (n) 2958 38,879

Age, mean (SD) 54.1 (13.5) 55.1 (7.5)

Age range (years) 30–90 40–70

Female, n (%) 1688 (57.1%) 20,518 (52.8%)

Participant characteristics in the Rhineland Study and UK Biobank Imaging 

Substudy

Abbreviations: RS Rhineland Study, SD standard deviation, UKB UK Biobank
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While some loci were related to global volumetric mea-
surements, others exhibited a more region-specific effect. 
�alamic volume showed the strongest enrichment, with 
31 significant associations, followed by total gray matter 
volume (30 loci) and total brain volume (15 loci) (Fig. 2). 
Additional associations were detected for supratento-
rial (7 loci) and subcortical gray matter volumes (8 loci), 
with several loci overlapping across brain regions (Fig. 2). 
Interestingly, some of the overlapping genes include both 
well-established disease-causing loci and novel candi-
dates. For instance, extreme repeat expansions in some of 
these overlapping genes such as ATXN1 and CACNA1A 
are known to cause spinocerebellar ataxia (SCA) types 1 
(OMIM #164400) and 6 (OMIM #183086), respectively, 
in humans, whereas repeat length polymorphisms in oth-
ers, including PRR14L, RUNX2, and MATN2, have not 
been previously implicated in neurological disorders. 
�ese findings highlight both known disease-associated 
STRs and novel candidates that may play broader roles in 
influencing brain structure.

To externally validate the identified associations, we 
tested the STRs that retained statistical significance 
after false discovery rate (FDR) correction in the Rhine-
land Study for association testing with the respective 
brain imaging-derived phenotypes in the UKB cohort. 
We applied a Bonferroni-adjusted threshold (α = 0.05/n, 
where n is the number of loci carried forward for follow-
up analyses). STR loci in the UKB with concordant effect 
directions and p-values below this threshold were con-
sidered directionally consistent with the discovery find-
ings. Across brain imaging-derived phenotypes, 63.5% 
of tested STR loci showed concordant effect directions 
between the Rhineland Study and the UKB cohort, of 
which 32% reached nominal significance (p < 0.05) (Addi-
tional file 1: Fig. S2). Furthermore, we identified consis-
tent robust association signals for both thalamic and 

subcortical gray matter volumes. Specifically, AC repeat 
motif variations at chr22, located in the intronic region of 
the PRR14L gene, were significantly associated with larger 
thalamic volume (β = 0.15, 95% CI [0.06 to 0.24]) (Fig. 3). 
In addition, polymorphisms of an AATG repeat motif in 
NADK were significantly associated with reduced sub-
cortical gray matter volume (β = − 0.05, 95% CI [–0.08 to 
− 0.01]) and thalamic volume (–0.06[–0.08 to − 0.04]). To 
facilitate direct comparison of effect sizes across cohorts, 
we constructed a bivariate confidence interval plot for 
the two significant STR thresholds (Fig. 3). �e plot dis-
plays standardized effect estimates and corresponding 
95% confidence intervals for thalamic volume and total 
subcortical grey matter volume in the Rhineland Study, 
alongside the corresponding estimates in the UKB. �is 
visualization allows assessment of effect size magnitude, 
directionality, and cross-cohort concordance. �e direc-
tion of association was consistent across cohorts for both 
traits, providing support for cross-cohort consistency of 
these associations, which may highlight their importance 
in brain morphology. A comprehensive list of all tested 
loci is provided in Additional file 1: Fig. S2.

�e allele distributions for the NADK and PRR14L 
genes in the respective cohorts are presented in Addi-
tional file 1: Fig. S3. Although the overall distributions are 
comparable between cohorts, PRR14L shows a broader 
range of allele sizes in Rhineland Study compared with 
UKB. �is observation may reflect population-specific 
differences in repeat length variation or technical differ-
ences in sequencing read length.

We further assessed whether the observed STR asso-
ciations could be explained by linkage disequilibrium 
with nearby common variants. To this end, we examined 
SNPs within ± 250 kb of the lead STR loci and performed 
association analyses. No significant SNP associations 
were identified in these regions, suggesting that the STR 

Fig. 1 Genomic distribution of the 2,477 STR loci included in the customized STR panel analyzed in this study. STRs are classified by genomic location: 

intronic, intergenic, promoter, upstream (1–5 kb), exonic, and UTR. Abbreviations: UTR, untranslated region
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Fig. 2 Associations between STR loci and regional brain volumes in the Rhineland Study cohort. Volcano plots depict the associations between STR loci 

and regional brain volumes. The x-axis represents the effect size (β estimates) and the y-axis the –log10 p-values. Black dashed lines indicate the FDR 

significance thresholds. Genes annotated in blue are positively associated with the respective brain imaging-derived phenotype, whereas those in red 

are negatively associated. Gene suffix numbers indicate distinct loci within the same gene to which short tandem repeats were mapped in the gene 

proximity analysis. Significant loci without gene annotations were not labeled for visual clarity. The corresponding genomic coordinates are provided in 

Additional file 2
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signals are unlikely to be explained by nearby common 
SNPs captured in our data.

Aggregated STR length and brain morphology

To assess the association of STR lengths aggregated over 
all 2477 tested loci with brain structure, we z-standard-
ized the mean allele size at each locus and summed these 
values to derive an aggregate standardized mean allele 
score. �is approach enabled capturing the cumula-
tive variation in STR length across the target loci while 
reducing locus-specific scaling effects. �e aggregated 
STR length was then included as the independent vari-
able in the regression models with brain imaging-derived 
phenotypes as the dependent variables.

We observed that a higher aggregated STR length was 
associated with increased overall brain volume. While the 
association with total brain volume did not reach statisti-
cal significance in the Rhineland Study, it was significant 
in the UKB. Conversely, a larger aggregated STR length 
was significantly associated with increased thalamic 
volume in the Rhineland Study but did not reach statis-
tical significance in the UKB (Additional file 1: Fig. S4). 
Importantly, however, the highly consistent direction and 
magnitude of effects across multiple brain regions and 

across both cohorts support a potential biological role of 
STR length variations in shaping brain morphology.

Polygenic STR burden and brain morphology

In our primary genetic association analysis, we modeled 
STR tract lengths as continuous variables in relation to 
the brain imaging-derived phenotypes. We used this 
approach in order to capture the full spectrum of natu-
rally occurring STR variation and its potential contribu-
tion to inter-individual differences in brain structure. 
Moreover, an intriguing aspect of allele length polymor-
phisms is understanding the influence of allele sizes that 
have not yet reached pathological thresholds on brain 
phenotypes. While pathogenic STR expansions are typi-
cally defined by well-established length thresholds asso-
ciated with disease onset and severity, it remains unclear 
whether non-expanded or moderately expanded alleles 
contribute to the normal variation in brain morphol-
ogy. Among the 2,817 STR loci included in our custom-
ized catalogue, fewer than 100 have known pathogenic 
thresholds. �erefore, rather than applying arbitrary cut-
offs, we developed a STR polygenic burden as previously 
described by Guo and colleagues [50]. In this frame-
work, we used pre-specified expansion thresholds rela-
tive to the GRCh38 reference genome (≥ 1, ≥ 5, ≥10, or 

Fig. 3 Bivariate confidence interval plot: Rhineland Study vs. UK Biobank. Plot shows standardized effect sizes for associations of an AATG repeat size in 

the NADK gene with subcortical grey matter volume and thalamus volume (upper panel), and an AC repeat size in the PRR14L gene with thalamus volme 

(lower panel), in the Rhineland Study (n = 2,958) and the UK Biobank Imaging Substudy (n = 38,879). Dots represent point estimates with 95% confidence 

intervals. ***p < 0.00001, **p < 0.005
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≥ 20 repeat units) for each locus. While these thresholds 
are not inherently pathogenic, they allowed us to evalu-
ate whether associations were primarily driven by com-
mon alleles or by more extreme expansions in the general 
population. Unlike aggregated STR burden, which is 
calculated as the sum of standardized allele sizes across 
all target loci that captures the full spectrum of repeat-
length variation across both shorter and longer alleles, 
polygenic STR burden reflects the cumulative number 
of only those loci that exceed a predefined expansion 
threshold, thereby specifically capturing the accumulated 
effects of expanded repeats within a subset of STR loci.

�e distribution of polygenic STR expansion burden 
across the two cohorts, as well as the corresponding sex-
stratified distributions, are shown in Additional file 1: 
Figs. S5, S6 and S7.

In both cohorts, as the expansion threshold increased, 
the number of STR expansions per individual decreased, 
highlighting the relative rarity of large expansions in the 
population (Additional file 1: Fig. S5). In the discovery 
cohort, we identified significant associations between 
polygenic STR burden and increased brain volumes 
across multiple global and regional measures. After cor-
recting for multiple testing using the Li and Ji method 
[63], we found that individuals with a higher polygenic 
STR burden (≥ 5 repeat units longer than the reference 
sequence) exhibited significantly larger volumes in key 
brain regions, including the thalamus (β = 0.05, 95% CI 
[0.02 to 0.07]), total brain ; β = 0.02, 95% CI [0.007 to 
0.03]), and total gray matter (β = 0.03, 95% CI [0.01 to 
0.04]) (Fig. 4). �ese associations remained statistically 
significant also at additional thresholds (≥ 10 and ≥ 20 
repeats) (Fig. 5). Further associations were observed for 

supratentorial volume, subcortical gray matter volume, 
and cerebellar cortex volume at the ≥ 10 and ≥ 20 repeat 
thresholds. At the regional level, polygenic STR burden 
(≥ 10 repeats) was significantly associated with larger cor-
tical thickness in the left rostral anterior cingulate cortex 
and left medial orbitofrontal cortex (Additional file 1: Fig. 
S8). �ese effects were consistent and remained statisti-
cally significant after multiple-testing correction using 
the Li & Ji approach. In permutation-based sensitivity 
analyses, the empirical family-wise error rate threshold 
in the discovery cohort was α = 5.51 × 10 4. Ten of the 
fifteen associations identified using the Li & Ji correction 
remained significant under this more stringent thresh-
old, including the principal thalamic and total brain vol-
ume association (≥ 5 repeats), while the other association 
remained nominally significant.

We again tested whether the associations between 
polygenic STR expansion burden and brain phenotypes 
reported above were directionally consistent in the UKB 
cohort. Consistent with our discovery results, we found 
that individuals with a higher polygenic STR expan-
sion burden (≥ 5 repeat units longer than the reference 
sequence) exhibited significantly larger brain volumes. 
Specifically, we observed directionally consistent posi-
tive associations for total brain volume; β = 0.005, 95% 
CI [0.002 to 0.008], thalamic volume (β = 0.001, 95% CI 
[0.0004 to 0.002]) and supratentorial volume (β = 0.006, 
95% CI [0.0001 to 0.001]) (Fig.  5). For the remaining 
imaging-derived phenotypes, effect directions were 
broadly concordant with those observed in the discov-
ery cohort, with the majority showing nominal statistical 
support (p < 0.05) (Additional file 1: Fig. S9).

Fig. 4 Polygenic STR expansion burden and brain phenotypes in the Rhineland Study. Forest plot of standardized regression coefficients (β) with 95% 

confidence intervals for the association between polygenic STR expansion burden and brain phenotypes in the Rhineland Study discovery cohort. Each 

point corresponds to the standardized β estimate for a given brain region at a specific STR threshold and the horizontal bars indicate 95% confidence 

intervals. Associations remaining after correction for multiple testing using the Li & Ji method are shown in red and non-significant associations are shown 

in blue. The vertical dashed line represents the null effect (β = 0). Abbreviations: TBV, total brain volume; ventral DC, ventral diencephalon
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Using the threshold-based approach, we observed con-
sistent trends of increasing STR burden with moderate 
expansion magnitude across several brain phenotypes. 
However, given the limitations of threshold-based defini-
tions, we further evaluated a continuous, weighted STR 
burden as a complementary analysis. Specifically, we 
restricted the analysis to STR loci significantly associ-
ated with brain morphology phenotypes (p < 0.05) and 
constructed a weighted burden score for each individual. 
�is score was calculated as the sum of STR dosages 
weighted by their corresponding standardized effect size 
estimates derived from association analyses.

�e continuous STR burden score showed robust posi-
tive associations with multiple subcortical and global 
brain volume measures in the Rhineland Study. Signifi-
cant associations were observed for the thalamus, puta-
men, ventral diencephalon, subcortical gray matter, 
supratentorial volume, amygdala, and total brain vol-
ume (all FDR-p-value < 0.05). �ese associations were 
directionally consistent and statistically significant in 
the UKB. In addition, associations observed for cortical 
regional measures in the Rhineland Study showed consis-
tent directions of effect in the UKB, further supporting 
the robustness and reproducibility of these findings. We 
note that loci included in the burden score were selected 
based on statistical significance, which may introduce 
upward bias in effect size estimates (winner’s curse). 
Accordingly, these analyses are presented as complemen-
tary to the primary framework and are reported in the 
Additional file 1: Figs. S10 and S11.

Age-dependent effects of polygenic STR burden on brain 

volume

Given that STRs are prone to genomic instability, which 
can lead to repeat expansions with increasing age, we 
examined the age-dependent effects of polygenic STR 
burden on brain volume, focusing on the associations 
that replicated. Participants were grouped into 10-year 
age bins within each cohort based on age at imaging 
acquisition, and effect sizes for the ≥ 5 repeat expansion 
threshold were evaluated across these age groups. Inter-
estingly, the relationship between polygenic STR bur-
den and both total brain volume and thalamic volume 
followed a non-linear trend, with the strongest effects 
observed between ages 60 and 70 (Fig. 6). In the Rhine-
land Study, the effect size declined after age 70, although 
this change was not statistically significant, while in the 
UKB cohort, this could not be evaluated due to the upper 
age limit of participants.

Pathway enrichment of genes with moderately expanded 

STR

To better understand the biological mechanisms medi-
ating the relation between STRs and brain structure, we 
carried out gene ontology (GO) and pathway enrichment 
analyses at different levels of repeat expansion thresholds. 
Prior to this, we conducted a genome-wide annotation of 
approximately 1.2 million STRs identified in the GRCh38 
human reference genome [41]. We then performed a 
proximity search against annotated human genes from 
the UCSC Genome Browser (GRCh38 reference genome) 
to identify the nearest gene for each STR locus. We con-
sidered STRs located within a maximum distance of 250 

Fig. 5 Polygenic STR expansion burden and brain phenotypes in the UK Biobank. Forest plot of standardized β with 95% confidence intervals for the 

association between polygenic STR expansion burden and brain phenotypes in the UK Biobank replication cohort. Each point corresponds to the β 

estimate for a given brain region at a specific STR threshold, with horizontal bars indicating the 95% CI. Associations that remained after correction for 

multiple testing using the Li & Ji are shown in red whereas non-significant associations are shown in blue. The vertical dashed line represents the null 

effect (β = 0). Statistically significant replicated associations were observed for TBV and thalamic volume for STR expansion burden defined as ≥ 5 repeat 

units above the reference. Abbreviations: TBV, total brain volume; ventral DC, ventral diencephalon; caudal ACC, caudal anterior cingulate cortex
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kb from a gene’s transcription start site (TSS) for further 
analysis. We next ranked the genes in our customized 
STR panel at predefined expansion thresholds based on 
carrier frequency within each cohort. At each threshold 
(≥ 1, ≥ 5, ≥10, or ≥ 20 repeat units longer than the ref-
erence), we identified the most frequent genes shared 
between cohorts and used these for gene set enrichment 
analysis.

In our enrichment analysis, we identified sets of enrich-
ment terms that were consistent across the moderate 
expansion thresholds. At the ≥ 5 repeat units’ threshold, 
the common top enriched terms were genetic anticipa-
tion, spinocerebellar ataxia, progressive cerebellar ataxia, 
impaired smooth pursuit, and fasciculations, which sug-
gest convergence on neurological features (Fig. 7). At ≥ 10 
units threshold, the enrichment terms genetic antici-
pation and progressive cerebellar ataxia remained and 
expanded to include gaze-evoked nystagmus and fas-
ciculations. At the highest threshold of ≥ 20 units, how-
ever, the overlap shifted toward molecular and cellular 
processes. �e enrichment terms included TFIIB-class 

transcription factors, RNA polymerase II transcription 
initiation, and development of pulmonary dendritic cells 
and macrophages, alongside neurological terms such as 
spinocerebellar ataxia (Fig. 7).

To further explore potential functional mechanisms, 
we assessed overlap between identified STR loci and 
previously reported expression-associated STRs (eSTRs) 
from GTEx brain tissues [7]. No direct overlap or prox-
imity (± 10 kb) was observed, suggesting that the identi-
fied loci are not captured by current eSTR resources.

Discussion
We found an intriguing pattern of associations of both 
specific STR loci as well as overall STR burden across the 
genome with brain structure. Moreover, whereas some 
STR loci demonstrated global effects on brain volume, 
others exhibited region-specific effects, indicating a key 
role for STRs in the modulation of brain structure. Spe-
cifically, we observed that individuals with a longer AC 
motif in an intronic region of the PRR14L gene had sig-
nificantly larger thalamic volume, while repeat number 

Fig. 6 Age-stratified effects of STR expansion burden on total brain volume (TBV; panels A, B) and thalamic volume (panels C, D). Results shown for 

Rhineland Study (A, C) and UK Biobank (B, D). Participants grouped into 10-year age bins (based on age ranges of the respective cohorts)
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variations of an AATG motif in NADK was significantly 
associated with reduced subcortical gray matter volume 
and thalamic volume. Interestingly, we also found that a 
higher repeat expansion burden, even just 5 units longer 
than the human reference, was consistently associated 
with larger volumes across multiple brain regions.

We found that STR variations in the PRR14L gene were 
associated with larger thalamic volume. Even though 
the function of PRR14L in neuronal tissues is yet to be 
defined, prior studies demonstrated that it is involved 
in cell division and fate specification [65]. �is raises 
the possibility that STR variations could influence tha-
lamic development through altered gene regulation or 
neuronal differentiation. �is finding aligns with emerg-
ing literature demonstrating the impact of STRs on 
brain structure and risk for neurological disease [16, 
66]. Given the importance of thalamic volume in sen-
sory processing, cognition, and neuropsychiatric health 
[67], this warrants further investigation into the molec-
ular mechanisms through which PRR14L STRs might 

affect neural development. Moreover, we found that STR 
polymorphisms in the NADK gene were associated with 
reduced subcortical gray matter and thalamic volumes. 
In the brain and other tissues, NADK is the sole enzyme 
responsible for phosphorylating NAD + to produce 
NADP+. �is enzymatic step is critical for maintain-
ing cellular redox homeostasis and supports numerous 
anabolic and metabolic processes that rely on NADPH-
dependent pathways [68]. �is finding suggests that there 
might be a genetic link between the central NAD+ meta-
bolic pathway and structural brain changes. �is link 
might be particularly relevant as dysregulation of NAD 
+ and its derivatives has been implicated in aging and 
neurodegenerative disorders [69]. Moreover, the lack of 
overlap with known eSTRs suggests that the STRs identi-
fied here may not exert detectable effects on steady-state 
gene expression in the tissues and conditions represented 
in current GTEx datasets. Alternatively, their func-
tional effects may be context-specific (e.g., dependent on 
cell type or developmental stage) or mediated through 

Fig. 7 Pathway enrichment results across STR expansion thresholds. Figure shows pathway enrichment results for genes linked to STR expansions at three 

thresholds (≥ 5, ≥ 10, ≥20 repeat units). A, B and C: Enrichment results at ≥ 5, ≥10 and 20-unit thresholds, respectively. The x-axis indicates enrichment 

significance (− log₁₀ p-value), while the y-axis indicates the pathway/term, with bubble size representing the relative number of genes in each pathway
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mechanisms not captured by bulk tissue expression anal-
yses. Additionally, we assessed whether the two identified 
STR loci overlapped with annotated human accelerated 
regions (HARs) using the UCSC Genome Browser hg38 
“Unusual Conservation” track. However, neither of the 
identified loci overlapped with known HAR elements, 
suggesting that the observed associations are unlikely to 
be mediated through currently annotated HAR regions.

In the last two decades, STRs have increasingly been 
recognized for their substantial contribution to the 
genetic basis of many traits across diverse species. Mul-
tiple studies have demonstrated that non-pathogenic 
STR polymorphisms modulate functional traits [70, 71]. 
Among the most well-studied STR loci are those located 
in the period gene of Drosophila melanogaster (thought 
to participate in circadian rhythmicity), the Avpr1a gene 
of voles (reported to be involved in social recognition 
memory, aggression and sociosexual behaviours in verte-
brates), and the SLC6A4 gene (implicated in the multiple 
aspects of primate behaviour) [72–74]. Moreover, varia-
tion in STR lengths within key developmental genes such 
as Runx-2 and Alx-4 have been associated with striking 
differences in skull shape and limb morphology among 
dog breeds [75, 76]. Together, these examples underscore 
STR variation as a potent mechanism for rapid and flex-
ible phenotypic evolution across species.

Despite advances in animal models, research on the 
impact of STRs on human brain morphology is scarce, 
particularly regarding the polygenic burden of STRs 
across genes with unknown pathogenic thresholds. Our 
study provides novel evidence that even modest expan-
sions of STRs, within the non-pathogenic range, are 
associated with increased brain volume (both global and 
regional) in healthy individuals. Remarkably, we found 
that increases of even just five STR units in the targeted 
genomic regions were associated with structural benefits. 
�is association suggests that STRs at sub-pathogenic 
repeat lengths may promote advantageous develop-
mental changes, potentially by modulating gene expres-
sion or protein function during early neurodevelopment 
[7]. Indeed, our findings demonstrate that STRs, once 
referred to as “junk DNA”, are important genetic determi-
nants of brain structure, and thereby may also contribute 
to human neurodiversity.

An additional intriguing aspect of our results is the 
clear age-related pattern of STR effects on the brain. In 
both cohorts, the association between polygenic STR 
burden (for moderate expansions) and brain volume 
increased steadily with age, with peak effect size occur-
ring between ages 60 and 70 years. �e age-dependent 
findings suggest that STRs may confer beneficial effects 
on brain structure during mid- to late adulthood, but 
that their influence could diminish or even become detri-
mental at older age. �is age-dependent shift aligns with 

the concept of antagonistic pleiotropy, where genetic 
variants confer advantages early in life but may lead to 
adverse outcomes later on [15, 77]. For STRs, this could 
mean that moderate expansions support healthy brain 
development and function. Over time, however, the accu-
mulation of additional repeat units with age, potentially 
driven by ongoing mutations or somatic instability, may 
ultimately shift the balance. �is concept is supported by 
findings from the Kids-HD study, which followed chil-
dren and young adults carrying pathogenic CAG expan-
sions in the HTT gene [13]. Despite their increased risk 
for HD later in life, these individuals demonstrated sig-
nificantly better cognitive, behavioral, and motor per-
formance during youth compared to non-carriers. �ese 
results support the notion that pathogenic repeat expan-
sions in the HTT gene may confer neurodevelopmental 
advantages early in life, even though these same expan-
sions ultimately lead to deleterious effects in adulthood. 
It is therefore similarly conceivable that extreme repeat 
expansions in the genes examined here might also pro-
duce detrimental effects with advanced age, albeit at a 
slower pace compared to alleles in the pathogenic range.

Our enrichment analysis revealed that moderate repeat 
expansions, common among many participants, were 
primarily associated with neurological traits as well as 
several fundamental molecular and cellular processes. 
�is suggests that the spectrum of biological effects of 
these STRs may depend on expansion size. Notably, we 
observed enrichment of “genetic anticipation” gene sets 
among modestly expanded STR loci. �is supports the 
idea that even repeat lengths below the known patho-
genic thresholds can engage biological pathways typically 
linked to repeat expansion disorders [78]. Intriguingly, 
individuals with moderately expanded repeats (≥ 5 units 
longer than the reference) exhibited increased brain vol-
umes in mid- to late adulthood. Given that this effect 
diminishes with age, these alleles may exert subtle, age-
dependent influences on neurodevelopment and aging, 
mirroring mechanisms involved in genetic anticipa-
tion but without reaching pathological levels. While 
we focused on STRs within 250 kb of gene TSS to pri-
oritize potentially regulatory loci, future studies integrat-
ing three-dimensional genome organization data may 
identify additional STRs exerting long-range or trans-
regulatory effects beyond linear genomic proximity. 
Additionally, integrating single-cell eQTL resources or 
epigenomic annotations may provide further insight into 
the functional role of these loci.

An important consideration is whether the observed 
STR associations reflect causal effects or arise due to 
linkage disequilibrium (LD) with nearby variants. To 
address this, we examined common SNPs within ± 250 kb 
of the lead STR loci, but did not identify significant SNP 
associations in these regions. While this supports the 
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possibility that the STR signals are not simply tagging 
nearby common SNP effects, it does not establish causal-
ity. LD with untyped, rare, or poorly imputed variants, 
as well as other forms of structural variation, cannot be 
excluded. Accordingly, our findings should be interpreted 
as evidence of association, and further work integrating 
fine-mapping, sequencing, and functional assays will be 
required to clarify the underlying causal mechanisms.

Among the moderately expanded STRs consistently 
associated with brain structural measures was one locus 
within the runt-related transcription factor 2 (RUNX2) 
gene. RUNX2 encodes a master transcription factor 
that acts like a “switch” and regulates essential processes 
such as ossification, cranial suture closure, and bone 
morphogenesis [79]. Recent work in dogs revealed that 
STR variations in RUNX2 correlate with distinct differ-
ences in limb and skull morphology [80]. Interestingly, 
RUNX2 is expressed in key regions of the human brain 
such as the cerebellum, hippocampus and neocortex  (   h t  
t p s  : / / w  w w  . p r o t e i n a t l a s . o r g / E N S G 0 0 0 0 0 1 2 4 8 1 3 - R U N X 
2 / b r a i n     ; accessed on July 28, 2025), suggesting that this 
gene may be implicated in neurogenesis and neuronal 
function. Our findings further imply a potential role for 
RUNX2 in neuronal function via its STR domain, demon-
strating that non-pathogenic STR variation is biologically 
relevant.

Some association signals observed in the Rhineland 
Study cohort could not be replicated in the UKB. A key 
factor likely contributing to this discrepancy is the tech-
nical difference in sequencing read length between the 
two datasets. In the Rhineland Study we used a targeted 
sequencing approach with relatively long paired-end 
reads (2 × 250 bp) with a high coverage (~ 180) per locus 
to obtain more accurate estimates of STR sizes, whereas 
in the UKB cohort WGS with shorter paired-end reads 
(2 × 150  bp) and a lower coverage (~ 30) was used. �e 
relatively shorter read length and lower coverage per 
locus in the UKB cohort is likely to have influenced the 
accuracy of detecting longer repeat expansions, which 
could partly explain the limited directional consistency 
for certain associations. In addition, other differences 
between the two cohorts in demographic composition, 
especially age and ancestry, may also have contributed 
to some of the discrepancies. For example, the Rhineland 
Study sample had a wider age range distribution than the 
UKB sample, which may have led to underestimation 
of age-dependent STR effects in the latter. Additionally, 
the present study did not include the X chromosome, as 
analysis of sex-linked STR variation requires specialised 
approaches to account for ploidy, X-inactivation, and 
sex-specific allele dosage. Future sex chromosome-aware 
analyses may provide additional insight into the role of 
X-linked STRs in brain-related traits. Other limitations of 
our study include lack of longitudinal and cross-ancestry 

data, which will be subject of future research. Further-
more, emerging artificial intelligence-driven neuroimag-
ing approaches, including those still in development, may 
improve the resolution and statistical power of future 
STR association analyses.

Conclusions
In summary, our work demonstrates that STR polymor-
phisms can act as important genetic modifiers of brain 
structure in the general population. Moreover, our find-
ings support the antagonistic pleiotropy model for STRs, 
indicating that highly polymorphic STR loci may have 
evolved due to their positive contributions to neuroana-
tomical plasticity and cognitive function. Future studies 
exploring the mechanistic basis of these effects are war-
ranted. �is especially includes investigating how subtle 
STR expansions influence gene expression and neurode-
velopment. Taken together our work lays the foundation 
for integrating STR analysis into studies of age-associated 
brain health and neurodegenerative diseases.

Abbreviations

BWA  Burrows–Wheeler Aligner

DBSCAN  Density-Based Spatial Clustering of Applications with Noise

eTIV  Estimated total intracranial volume

FDR  False discovery rate

FASTQ  FAST Quality format (text-based sequencing file format)

GO  Gene Ontology

GWAS  Genome-wide association study

ICH-GCP  International Council for Harmonisation – Good Clinical Practice / 

Declaration of Helsinki

KEGG  Kyoto Encyclopedia of Genes and Genomes

NADK  NAD kinase

PCs  Principal components

PDAG  Polyglutamine disease–associated genes

PRR14  Proline-rich protein 14

REDs  Repeat expansion disorders

RINT  Rank-based inverse normal transformation

SNPs  Single nucleotide polymorphisms

STR  Short tandem repeat

TBV  Total brain volume

UKB  UK Biobank

WGS  Whole-genome sequencing

Supplementary Information
The online version contains supplementary material available at  h t t    p  s :  /  / d  o  i .  o  r 

g /  1 0 . 1 1 8 6 / s 1 3 0 7 3 - 0 2 6 - 0 1 7 0 2 - 1     .  

Additional file 1. Supplementary figures and tables. This file contains all 

supplementary figures and tables supporting the main findings, including 

extended analyses and additional results that are not included in the main 

manuscript.

Additional file 2. Genomic coordinates of unannotated significant loci. 

This file provides an Excel dataset containing the genomic coordinates of 

significant loci without gene annotations. These loci were excluded from 

figure labeling for visual clarity.

Additional file 3. Selected STR loci and annotations. This Excel file contains 

all selected STR loci, including genomic coordinates, associated gene an-

notations, and selection category.



Page 17 of 19Mantey et al. Genome Medicine           (2026) 18:96 

Acknowledgements

We would like to thank the Rhineland Study team for supporting the data 

acquisition and management as well as the PRECISE team for sequencing 

support. We are also grateful to Dr Andreas Halman for his support in 

developing a custom variant catalog for this study.

Authors’ contributions

RM, NAA, and MMBB conceived the study. RM, NAA, MMBB, JH, MDB, EDD, RS, 

KH, SE, MT, TB, and AMS contributed to the development of the methodology. 

RM, JH, SE, and NAA performed the data analysis. NAA and MMBB supervised 

the project. RM and NAA drafted the original manuscript, and all authors (RM, 

NAA, MMBB, JH, MDB, EDD, RS, KH, SE, MT, TB, AMS) contributed to reviewing 

and editing the final version. NAA and MMBB acquired the funding for the 

study. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work 

was supported by: DZNE institutional funds (MMBB, NAA). Federal Ministry 

of Research, Technology, and Space of Germany grant number 031L0206, 

01GQ1801(MMBB). European Research Council Starting Grant number 

101041677 (NAA). German Research Foundation grant number: EXC 2151–

390873048 and 43232535 (MMBB). German Ministry for Science and Education 

grant number: 01EA1809C, 01KX2230 (MMBB). Alzheimer Forschung Initiative 

grant number: #22017 (MMBB).

Data availability

Due to data protection regulations, the Rhineland Study data are not publicly 

available. However, qualified researchers may request access in accordance 

with the Rhineland Study’s Data Use and Access Policy. Requests for data 

access or additional information can be directed to rs-duac@dzne.de. All 

whole-genome sequencing as well as individual-level data from the UK 

Biobank Imaging Study used in this work are available through the UKB 

Resource (https://www.ukbiobank.ac.uk). Access to these data is subject to 

UK Biobank’s data access policies. Part of this research has been conducted 

using the UK Biobank Resource under Application Number 82056. All data are 

available in the main text or the supplementary materials.

Declarations

Ethics approval and consent to participate

The protocol of Rhineland Study was approved by the ethics committee of 

the University of Bonn Medical Faculty (Ref: 338/15). The study is conducted 

according to the International Conference on Harmonization Good Clinical 

Practice standards (ICH-GCP), with written informed consent obtained in 

accordance with the Declaration of Helsinki. Approval for conducting UKB 

Study was received from the National Information Governance Board for 

Health and Social Care and the National Health Service North West Centre for 

Research Ethics Committee (Ref: 11/NW/0382). Every participant provided 

written informed consent.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Author details
1Population Health Sciences, German Center for Neurodegenerative 

Diseases (DZNE), Bonn, Germany
2School of Computer Science, Northwestern Polytechnical University, 

Xi’an, China
3AI in Medical Imaging, German Center for Neurodegenerative Diseases 

(DZNE), Bonn, Germany
4Platform for Single Cell Genomics and Epigenomics (PRECISE), German 

Center for Neurodegenerative Diseases (DZNE) and University of Bonn 

and West German Genome Center, Bonn, Germany
5Institute for Human Genetics, University Hospital Schleswig-Holstein, 

Lübeck, Germany
6Immunogenomics and Neurodegeneration, German Center for 

Neurodegenerative Diseases (DZNE), Bonn, Germany

7Institute for Medical Biometry, Informatics and Epidemiology (IMBIE), 

University of Bonn, University Hospital Bonn, Bonn, Germany
8Centre of Neurology, Clinic for Parkinson, Sleep and Movement 

Disorders, University of Bonn, University Hospital Bonn, Bonn, Germany

Received: 16 December 2025 / Accepted: 19 June 2026

References

1. Abdellaoui A, Yengo L, Verweij KJH, Visscher PM. 15 years of GWAS discovery: 

Realizing the promise. Am J Hum Genet. 2023;110(2):179–94.

2. Hardy J, Escott-Price V. The genetics of neurodegenerative diseases is 

the genetics of age-related damage clearance failure. Mol Psychiatry. 

2025;30:2748–53.

3. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, et 

al. Meta-analysis of 74,046 individuals identifies 11 new susceptibility loci for 

Alzheimer’s disease. Nat Genet. 2013;45(12):1452–8.

4. Gandhi S, Wood NW. Genome-wide association studies: the key to unlocking 

neurodegeneration? Nat Neurosci. 2010;13(7):789–94.

5. Fan H, Chu JY. A brief review of short tandem repeat mutation. Genomics 

Proteom Bioinf. 2007;5(1):7–14.

6. Bagshaw ATM. Functional Mechanisms of Microsatellite DNA in Eukaryotic 

Genomes. Genome Biol Evol. 2017;9(9):2428–43.

7. Fotsing SF, Margoliash J, Wang C, Saini S, Yanicky R, Shleizer-Burko S, et al. 

The impact of short tandem repeat variation on gene expression. Nat Genet. 

2019;51(11):1652–9.

8. Khristich AN, Mirkin SM. On the wrong DNA track: Molecular mechanisms of 

repeat-mediated genome instability. J Biol Chem. 2020;295(13):4134–70.

9. Press MO, Carlson KD, Queitsch C. The overdue promise of short tandem 

repeat variation for heritability. Trends Genet. 2014;30(11):504–12.

10. Gardiner SL, Trompet S, Sabayan B, Boogaard MW, Jukema JW, Slagboom PE, 

et al. Repeat variations in polyglutamine disease-associated genes and cogni-

tive function in old age. Neurobiol Aging. 2019;84:236. e17- e28.

11. Gardiner SL, van Belzen MJ, Boogaard MW, van Roon-Mom WMC, Rozing 

MP, van Hemert AM, et al. Large normal-range TBP and ATXN7 CAG repeat 

lengths are associated with increased lifetime risk of depression. Transl 

Psychiatry. 2017;7(6):e1143.

12. Gardiner SL, Harder AVE, Campman YJM, Trompet S, Gussekloo J, van Belzen 

MJ, et al. Repeat length variations in ATXN1 and AR modify disease expres-

sion in Alzheimer’s disease. Neurobiol Aging. 2019;73:230. e9- e17.

13. Neema M, Schultz JL, Langbehn DR, Conrad AL, Epping EA, Magnotta VA, 

Nopoulos PC. Mutant Huntingtin Drives Development of an Advantageous 

Brain Early in Life: Evidence in Support of Antagonistic Pleiotropy. Ann Neurol. 

2024;96(5):1006–19.

14. Qian W, Ma D, Xiao C, Wang Z, Zhang J. The genomic landscape and 

evolutionary resolution of antagonistic pleiotropy in yeast. Cell Rep. 

2012;2(5):1399–410.

15. Williams GC. Pleiotropy, natural selection, and the evolution of senescence. 

Evolution. 1957;11:398–411.

16. Liu Q, Tian W. Association of human-specific expanded short tandem repeats 

with neuron-specific regulatory features. Sci Adv. 2025;11(22):eadp9707.

17. Vallender EJ, Mekel-Bobrov N, Lahn BT. Genetic basis of human brain evolu-

tion. Trends Neurosci. 2008;31(12):637–44.

18. Bilgin Sonay T, Carvalho T, Robinson MD, Greminger MP, Krutzen M, Comas D, 

et al. Tandem repeat variation in human and great ape populations and its 

impact on gene expression divergence. Genome Res. 2015;25(11):1591–9.

19. Breteler MMB, Stöcker A, Tony A, Pracht, Eberhard A, Brenner D, Stirnberg A. 

Rüdiger. MRI in the Rhineland study: a novel protocol for population neuro-

imaging. Alzheimer’s Dement. 2014;10:92–92.

20. Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, et al. 

Comparison of Sociodemographic and Health-Related Characteristics of UK 

Biobank Participants With Those of the General Population. Am J Epidemiol. 

2017;186(9):1026–34.

21. Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK 

Biobank resource with deep phenotyping and genomic data. Nature. 

2018;562(7726):203–9.

22. Littlejohns TJ, Holliday J, Gibson LM, Garratt S, Oesingmann N, Alfaro-Almagro 

F, et al. The UK Biobank imaging enhancement of 100,000 participants: 

rationale, data collection, management and future directions. Nat Commun. 

2020;11(1):2624.



Page 18 of 19Mantey et al. Genome Medicine           (2026) 18:96 

23. Dolzhenko E, van Vugt J, Shaw RJ, Bekritsky MA, van Blitterswijk M, Narzisi 

G, et al. Detection of long repeat expansions from PCR-free whole-genome 

sequence data. Genome Res. 2017;27(11):1895–903.

24. 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):859–68.

25. Course MM, Gudsnuk K, Smukowski SN, Winston K, Desai N, Ross JP, et al. 

Evolution of a Human-Specific Tandem Repeat Associated with ALS. Am J 

Hum Genet. 2020;107(3):445–60.

26. Vowles EJ, Amos W. Evidence for widespread convergent evolution around 

human microsatellites. PLoS Biol. 2004;2(8):E199.

27. Roth G, Dicke U. Evolution of the brain and intelligence. Trends Cogn Sci. 

2005;9(5):250–7.

28. Kim K, Bang S, Yoo D, Kim H, Suzuki S. De novo emergence and potential 

function of human-specific tandem repeats in brain-related loci. Hum Genet. 

2019;138(6):661–72.

29. Kirby A, Gnirke A, Jaffe DB, Baresova V, Pochet N, Blumenstiel B, et al. 

Mutations causing medullary cystic kidney disease type 1 lie in a large 

VNTR in MUC1 missed by massively parallel sequencing. Nat Genet. 

2013;45(3):299–303.

30. Hijikata M, Matsushita I, Tanaka G, Tsuchiya T, Ito H, Tokunaga K, et al. Molecu-

lar cloning of two novel mucin-like genes in the disease-susceptibility locus 

for diffuse panbronchiolitis. Hum Genet. 2011;129(2):117–28.

31. Byrd AL, Manuck SB. MAOA, childhood maltreatment, and antisocial 

behavior: meta-analysis of a gene-environment interaction. Biol Psychiatry. 

2014;75(1):9–17.

32. Benedetti A, Casamassima SP, Lattanzi F, Liberti L, Musetti M, Cassano L. 

Bipolar disorder in late life: clinical characteristics in a sample of older adults 

admitted for manic episode. Clin Pract Epidemiol Ment Health. 2008;4:22.

33. Seixas AI, Loureiro JR, Costa C, Ordonez-Ugalde A, Marcelino H, Oliveira CL, et 

al. A Pentanucleotide ATTTC Repeat Insertion in the Non-coding Region of 

DAB1, Mapping to SCA37, Causes Spinocerebellar Ataxia. Am J Hum Genet. 

2017;101(1):87–103.

34. Thermo Fisher Scientific A. Qubit Fluorometric Quantitation. 2022.

35. Illumina Inc A. AmpliSeq Library PLUS for Illumina: Reference Guide. 2022.

36. Andrews S. FastQC: A quality control tool for high throughput sequence data. 

2010.

37. Li H. Aligning sequence reads, clone sequences and assembly contigs with 

BWA-MEM. arXiv:1303.3997 [q-bio.GN]. 2013.

38. Dolzhenko E, Deshpande V, Schlesinger F, Krusche P, Petrovski R, Chen S, et al. 

ExpansionHunter: a sequence-graph-based tool to analyze variation in short 

tandem repeat regions. Bioinformatics. 2019;35(22):4754–6.

39. Halldorsson BV, Eggertsson HP, Moore KHS, Hauswedell H, Eiriksson O, Ulfars-

son MO, et al. The sequences of 150,119 genomes in the UK Biobank. Nature. 

2022;607(7920):732–40.

40. Consortium UKBW-GS. Whole-genome sequencing of 490,640 UK Biobank 

participants. Nature. 2025.

41. Hu J, Aziz A. A comprehensive catalog of exact short tandem repeat regions 

on autosomes and sex chromosomes of the human genome GRCh38. 

Zenodo. 2024.

42. Hu J, Aziz A. A comprehensive catalog of approxiamte short tandem repeat 

regions on autosomes and sex chromosomes of the human genome 

GRCh38. 2024.

43. Hu J. searchSTR and STRfinder in a package STRbean. 2025.

44. Halman A, Lonsdale A, Oshlack A. Analysis of Tandem Repeats in Short-Read 

Sequencing Data: From Genotyping Known Pathogenic Repeats to Discover-

ing Novel Expansions. Curr Protoc. 2024;4(11):e70010.

45. Gymrek M, Golan D, Rosset S, Erlich Y. lobSTR: A short tandem repeat profiler 

for personal genomes. Genome Res. 2012;22(6):1154–62.

46. 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.

47. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO et al. Twelve 

years of SAMtools and BCFtools. Gigascience. 2021;10(2):giab008.

48. Cui Y, Ye W, Li JS, Li JJ, Vilain E, Sallam T, Li W. A genome-wide spectrum of 

tandem repeat expansions in 338,963 humans. Cell. 2024;187(22):6411–2.

49. Dolzhenko E, Weisburd B, Ibanez K, Rajan-Babu IS, Anyansi C, Bennett MF, 

et al. REViewer: haplotype-resolved visualization of read alignments in and 

around tandem repeats. Genome Med. 2022;14(1):84.

50. Guo MH, Lee WP, Vardarajan B, Schellenberg GD, Phillips-Cremins JE. 

Polygenic burden of short tandem repeat expansions promotes risk for 

Alzheimer’s disease. Nat Commun. 2025;16(1):1126.

51. Koch A, Stirnberg R, Estrada S, Zeng W, Lohner V, Shahid M, et al. Versatile MRI 

acquisition and processing protocol for population-based neuroimaging. Nat 

Protoc. 2025;20(5):1223–45.

52. van der Kouwe AJW, Benner T, Salat DH, Fischl B. Brain morphometry with 

multiecho MPRAGE. NeuroImage. 2008;40(2):559–69.

53. Brenner D, Stirnberg R, Pracht ED, Stocker T. Two-dimensional accelerated 

MP-RAGE imaging with flexible linear reordering. MAGMA. 2014;27(5):455–62.

54. Miller KL, Alfaro-Almagro F, Bangerter NK, Thomas DL, Yacoub E, Xu J, et al. 

Multimodal population brain imaging in the UK Biobank prospective epide-

miological study. Nat Neurosci. 2016;19(11):1523–36.

55. Smith SM, Alfaro-Almagro F, Miller KL. UK Biobank Brain Imaging Documenta-

tion. Oxford Centre for Functional MRI of the Brain (FMRIB/WIN), University of 

Oxford; 2024.

56. Fischl B, FreeSurfer. NeuroImage. 2012;62(2):774–81.

57. Carlson M. org.Hs.eg.db: Genome wide annotation for Human. R package 

version 3.17.0. Bioconductor. 2023.

58. Raudvere U, Kolberg L, Kuzmin I, Arak T, Adler P, Peterson H, Vilo J. g:Profiler: a 

web server for functional enrichment analysis and conversions of gene lists 

(2019 update). Nucleic Acids Res. 2019;47(W1):W191–8.

59. Willems T, Gymrek M, Highnam G, Genomes Project C, Mittelman D, Erlich Y. 

The landscape of human STR variation. Genome Res. 2014;24(11):1894–904.

60. Margoliash J, Fuchs S, Li Y, Zhang X, Massarat A, Goren A, Gymrek M. Poly-

morphic short tandem repeats make widespread contributions to blood and 

serum traits. Cell Genom. 2023;3(12):100458.

61. Scahill RI, Frost C, Jenkins R, Whitwell JL, Rossor MN, Fox NC. A longitudinal 

study of brain volume changes in normal aging using serial registered mag-

netic resonance imaging. Arch Neurol. 2003;60(7):989–94.

62. Ruigrok AN, Salimi-Khorshidi G, Lai MC, Baron-Cohen S, Lombardo MV, Tait 

RJ, Suckling J. A meta-analysis of sex differences in human brain structure. 

Neurosci Biobehav Rev. 2014;39(100):34–50.

63. Li J, Ji L. Adjusting multiple testing in multilocus analyses using the eigenval-

ues of a correlation matrix. Heredity (Edinb). 2005;95(3):221–7.

64. Broman KW, Murray JC, Sheffield VC, White RL, Weber JL. Comprehensive 

human genetic maps: individual and sex-specific variation in recombination. 

Am J Hum Genet. 1998;63(3):861–9.

65. Chase A, Pellagatti A, Singh S, Score J, Tapper WJ, Lin F, et al. PRR14L muta-

tions are associated with chromosome 22 acquired uniparental disomy, 

age-related clonal hematopoiesis and myeloid neoplasia. Leukemia. 

2019;33(5):1184–94.

66. Wright SE, Todd PK. Native functions of short tandem repeats. Elife. 2023;12.

67. Alhesain M, Alzu’bi A, Sankar N, Smith C, Kerwin J, Laws R, et al. Development 

of the early fetal human thalamus: from a protomap to emergent thalamic 

nuclei. Front Neuroanat. 2025;19:1530236.

68. Ohashi K, Kawai S, Murata K. Identification and characterization of a human 

mitochondrial NAD kinase. Nat Commun. 2012;3:1248.

69. Xie N, Zhang L, Gao W, Huang C, Huber PE, Zhou X, et al. NAD(+) metabolism: 

pathophysiologic mechanisms and therapeutic potential. Signal Transduct 

Target Ther. 2020;5(1):227.

70. Verbiest M, Maksimov M, Jin Y, Anisimova M, Gymrek M, Bilgin Sonay 

T. Mutation and selection processes regulating short tandem repeats 

give rise to genetic and phenotypic diversity across species. J Evol Biol. 

2023;36(2):321–36.

71. Gymrek M, Willems T, Guilmatre A, Zeng H, Markus B, Georgiev S, et al. Abun-

dant contribution of short tandem repeats to gene expression variation in 

humans. Nat Genet. 2016;48(1):22–9.

72. King DP, Takahashi JS. Molecular Genetics of Circadian Rhythms in mammals. 

Annu Rev Neurosci. Meta. 2000;23:713–42.

73. Lesch KP, Bengel D, Heils A, Sabol SZ, Greenberg BD, Petri S, et al. Association 

of anxiety-related traits with a polymorphism in the serotonin transporter 

gene regulatory region. Science. 1996;274(5292):1527–31.

74. Hammock EA, Young LJ. Microsatellite instability generates diversity in brain 

and sociobehavioral traits. Science. 2005;308(5728):1630–4.

75. Ritzman TB, Banovich N, Buss KP, Guida J, Rubel MA, Pinney J, et al. Facing the 

facts: The Runx2 gene is associated with variation in facial morphology in 

primates. J Hum Evol. 2017;111:139–51.



Page 19 of 19Mantey et al. Genome Medicine           (2026) 18:96 

76. Fondon JG. Harold. Molecular origins of rapid and continuous morphological 

evolution. Proc Natl Acad Sci USA. 2005;101:18058–63.

77. Lockwood C, Vo AS, Bellafard H, Carter AJR. More evidence for widespread 

antagonistic pleiotropy in polymorphic disease alleles. Front Genet. 

2024;15:1404516.

78. McMurray CT. Mechanisms of trinucleotide repeat instability during human 

development. Nat Rev Genet. 2010;11(11):786–99.

79. Schroeder TM, Jensen ED, Westendorf JJ. Runx2: a master organizer of gene 

transcription in developing and maturing osteoblasts. Birth Defects Res C 

Embryo Today. 2005;75(3):213–25.

80. Pointer MA, Kamilar JM, Warmuth V, Chester SG, Delsuc F, Mundy NI, et al. 

RUNX2 tandem repeats and the evolution of facial length in placental mam-

mals. BMC Evol Biol. 2012;12:103.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 

published maps and institutional affiliations.


