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Uncovering complex trait heritability
hidden in the repeatome
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Short tandem repeats (STRs) account for a substantial fraction of human genetic variation, but their contri-
bution to complex human phenotypes is largely unknown. Margoliash et al. perform detailed genome-wide
association analysis and fine-mapping of STRs in UK Biobank, identifying many STRs likely to influence vari-

ation in blood and serum traits.

The human genome contains over a
million short tandem repeats (STRs),
defined as segments of DNA in which a
1-6-base pair (bp) motif is repeated multi-
ple times. STRs are among the most
mutable sites in the genome and
comprise a considerable fraction of ge-
netic variation across individuals (~10%,
depending on precisely how variation is
quantified). However, despite numerous
examples of pathogenic STRs identified
to date, the contribution of STRs to com-
mon human phenotypes is largely unchar-
acterized, in large part because STRs
have been left out of the analytical pipe-
lines used by genome-wide association
studies (GWASSs). As such, STRs repre-
sent a key class of polymorphisms at
which “missing heritability” undiscovered
from GWASSs thus far might yet be found.?
This hypothesis is highly plausible for
multiple reasons, including (1) the sheer
number of STRs in the genome, (2) the
propensity of STRs to be multiallelic and
poorly tagged by biallelic SNPs and indels
currently considered in GWASs, and (3)
recent work identifying effects of STRs
on gene expression® and of slightly larger
variable number tandem repeats (VNTRs)
on complex traits and diseases.*° In this
issue of Cell Genomics, Margoliash
et al.® thoroughly explore the influences
of STR polymorphisms on 44 blood and
biomarker phenotypes in UK Biobank
(UKB),” demonstrating that STRs indeed
contribute a sizable proportion of com-
plex trait heritability and identifying
several compelling examples of STRs
that appear to underlie top GWAS signals.

A major technical barrier that has
impeded inclusion of STRs in genetic as-
sociation studies is the difficulty of geno-
typing STRs in large-scale genetic data-
sets. Direct genotyping of STRs requires
whole-genome sequencing (WGS) data,
which has been prohibitively expensive
to generate for most GWAS cohorts.
Moreover, even when short-read WGS
is available, accurately genotyping STRs
is stil a formidable task because
sequencing errors can mimic STR varia-
tion and STR alleles can exceed the
lengths of sequencing reads. To over-
come this challenge, Margoliash et al.
instead used statistical imputation to esti-
mate STR alleles present on SNP haplo-
types of UKB participants, leveraging an
SNP+STR haplotype reference panel
they previously generated for common
STRs.® This approach accurately imputed
most STRs in the panel (as predicted
based on previous benchmarks® and
confirmed using WGS data available for
a subset of UKB participants). The high
accuracy of STR imputation achieved
strongly motivates further development
of computational tools expanding stan-
dard SNP-imputation pipelines to include
STRs: doing so will enable STR analysis in
all GWAS cohorts—enabling reuse of
extensive prior investment in genotyping
data resources—and will benefit from
continuing efforts to generate larger,

more comprehensive STR reference
panels,” eventualy from long-read
sequencing.

The imputed STR dataset enabled Mar-
goliash et al. to test STRs for association

with 44 highly polygenic blood and
biomarker phenotypes in UKB and—
importantly —fine-map significant associ-
ations to identify a subset of STRs likely
to causally influence phenotypes. Per-
forming statistical fine-mapping to
evaluate whether genetic associations
reflect causal effects (rather than link-
age disequilibrium with causal variants
nearby) is essential for interpreting
GWAS results, even when analyzing mul-
tiallelic variants. Margoliash et al. identi-
fied 119 STR-trait associations with high
confidence of causality by developing an
impressively rigorous fine-mapping pipe-
line (combining two complementary fine-
mapping methods and running each
method using several alternative set-
tings). Notably, fine-mapping results ex-
hibited some discordance between the
two methods and across runs, which will
be important for future studies to
consider. Beyond prioritizing high-confi-
dence STR-trait associations for follow
up, the fine-mapping data (together with
simulation results) further enabled an esti-
mate that 5.2%-7.6% of causal variants
identifiable from GWASSs on the 44 blood
and biomarker traits can be attributed to
STRs. This estimate, which is broadly
consistent with the overall contribution
of STRs to human genetic variation, indi-
cates the promise of incorporating STRs
into standard GWAS pipelines.

The high-confidence fine-mapped STR-
trait associations included several novel
examples of STRs that appear to explain
some of the strongest GWAS hits for
blood cell traits. A strikingly polymorphic
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CGG repeat in the promoter of CBL gener-
ated two very strong, statistically indepen-
dent associations with platelet indices.
These associations appeared to be driven
by STR length and a common imperfection
within the STR, which together completely
accounted for all genetic association
signal at the locus. Follow-up analyses of
gene expression data from the Geno-
type-Tissue Expression (GTEx) project
suggested a causal pathway in which
longer repeat alleles decrease CBL
expression, leading to increased platelet
production. This hypothesis is consistent
with previous literature implicating CBL in
degradation of the thrombopoietin recep-
tor'® and motivates further investigation
of the precise molecular mechanism by
which STR variation in the promoter of
CBL regulates its expression. Other note-
worthy findings included a poly-A repeat
within an intronic DNase | hypersensitivity
site in TAOK1 that associated strongly
with mean platelet volume and a CCG
repeat inthe 5 UTR of BCL2L 11 that asso-
ciated strongly with eosinophil indices.
Overall, Margoliash et al.’s findings
demonstrate the importance of consid-
ering STRs (and other oft-neglected types
of genetic variation) in genetic association
studies—and the feasibility of doing so by
incorporating STRs into genotype imputa-
tion pipelines. The work is a technical tour
de force —applying imputation, associa-
tion testing, statistical fine-mapping, and
follow-up analysis across populations
and in gene expression data sets—that
simultaneously shows what is achievable

using existing methods and motivates
further development of methods and re-
sources for STR analysis. The high-confi-
dence STR-trait associations identified by
Margoliash et al. are sure to represent
only the beginning of a stream of discov-
eries to come as STR association studies
expand to consider more quantitative and
disease traits, more genetic ancestries,
more STRs (e.g., STRs too mutable to
accurately impute or too difficult to geno-
type from short-read sequencing), and
more complex STR-phenotype models
(e.g., nonlinear effects of STR length and
effects of within-repeat variation). We
can look forward to unearthing more
long-hidden heritability in the coming
years.
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