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Abstract

Tandem repeat copy number variations (TR-CNVs), structural variations (SVs),

and short indels have been responsible for many diseases and traits, but no tools exist
to distinguish and detect these variants. In this study, we developed a computational
tool, TRsv, to distinguish and detect TR-CNVs, SVs, and short indels using long reads.

In evaluation with simulated and real datasets, TRsv outperformed existing tools

for detection of TR-CNVs and indels and performed equally well for detection of SVs.
We demonstrated genome-wide detection of TR-CNVs, including variants associated
with gene expression, disease, and quantitative traits, using 160 long-read whole
genome sequencing data and TRsv.

Keywords: Tandem repeat, Tandem repeat expansion, TR, STR, VNTR, Structural
variation, SV, Indel, Long read, WGS

Background

Genomic structural variations (SVs) of at least 50 bp and short indels of less than 50 bp
are the primary determinant of genomic variation and have much greater potential to
alter gene function and gene regulation than single nucleotide variants (SN'Vs). On the
other hand, tandem repeat variations within tandem repeat regions are copy number
variation of their repeat units (referred to as TR-CNVs in this study). Although TR-CNV
is a kind of SV and short indel, they are often treated confusedly.

Tandem repeats (TRs) are tandem repeats of short motifs or DNA segments. Short
tandem repeats (STRs) are tandemly repeat sequences with motifs ranging from 1 to 6
bp. STRs are also called microsatellites whereas tandem repeats with motif length > 6 bp
are called minisatellites or variable number of tandem repeats (VNTRs). In this study, all
tandem repeats with 21 bp motif were considered TRs. Although tandem repeats rep-
resent only about 3% of the human genome [1], many insertions (INSs) and deletions
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(DELSs) are observed in tandem repeat regions, corresponding approximately to repeat
expansion and contraction, respectively. This is because tandem repeats are order of
magnitude more mutable than mutations in non-repeat regions [1, 2]. The high muta-
tion rate of tandem repeats is explained by mechanisms based on repeat structure, such
as strand misalignment by strand slippage and secondary structure formation during
replication [3, 4]. Recurrent mutations at high mutation rates generate multiple alleles
with different numbers of repeats at many tandem repeat loci, a unique property of tan-
dem repeat polymorphisms that is rarely observed in other types of variants [5].

TR-CNVs, especially tandem repeat expansions, are associated with many diseases
and traits [6—10]. Repeat expansion disorders, consisting of more than 50 neurodegen-
erative and muscular diseases, are known to be caused by rare tandem repeat expan-
sions with repeat unit copy sizes larger than a certain threshold copy number, primarily
in the coding or 5 UTR regions of a subset of specific genes [8, 9]. Most of the repeat
units involved in the repeat expansion diseases are trinucleotide units, such as GCA and
GGC, and the expansion repeats are likely to be translated as homo amino acid polymers
by a non-AUG RAN translation mechanism or as fusion proteins with the corresponding
native proteins, which may exhibit some toxicity in the nervous system [11, 12]. Recent
studies have shown that there is a higher burden of tandem repeat expansions in patients
with autism [13, 14] and schizophrenia [15] and in cancer genomes [16, 17]. Apart from
the disease-causing function of rare repeat expansion variants, common TR-CNVs in
non-coding and coding regions regulate the expression of neighboring genes and the
protein function, respectively, and are associated with a number of quantitative traits
dependent on copy number of repeat units [18—23]. This suggests that TR-CNVs may
be a resource to fill in the missing heritability not captured by traditional SNP-based
genome-wide association studies.

The current standard method for the genome-wide detection of TR-CNVs and SVs is
to use short read WGS data and associated bioinformatics tools [10, 24]. Detection of
TR-CNVs and SVs is more difficult than detecting SN'Vs because the alignment of short
reads to repetitive regions is often ambiguous. Furthermore, TR-CNV/SV detection
tools using short reads have difficulty detecting variants beyond read length (100 ~ 200
bp) or paired-end read library size (200~ 500 bp). Long reads overcome the limitation
of short read-based detection since long reads span most of the tandem repeat regions.
Although there was a problem with error-prone sequencing of long reads, the sequenc-
ing accuracy of PacBio HiFi reads reaches 99.9% and that of recently improved ONT
Nanopore reads about 98%.

Genome-wide detection and genotyping of TR-CNVs with long read data can be per-
formed using specific tools, such as PacMonSTR [25], RepeatHMM [26], Straglr [27],
tandem-genotypes [28], LongTR [29], TRGT [30], and TREAT [31], which use informa-
tion from long reads aligned to reference tandem repeat regions. TR-CNVs can also be
detected using long read-based structural variation (SV) detection tools. However, INSs
and DELs called from SV detection tools are often detected at multiple sites within a sin-
gle tandem repeat region, which is due to redundant or overly specific read alignments
observed in repetitive regions. Furthermore, these TR-CNV/SV detection tools cannot
detect tandem repeat insertions in non-repeat or undefined tandem repeat regions and
may not distinguish between repeat and non-repeat insertions within TR regions.
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To overcome the current limitations in TR-CNV/SV detection, we developed a com-
putational tool, TRsv, to detect and genotype TR-CNVs, SVs, and indels using long read
alignment data. TRsv calculates the copies of repeat units in the INS and DEL sequences
detected in tandem repeat regions for each haplotype and distinguishes non-TR variations
within TR regions. In addition, TRsv detects tandem repeat INSs in non-repeat or unde-
fined repeat regions by examining the INS sequences, as well as SVs and indels outside TR
regions. TRsv also annotates INSs with duplication and mobile elements. TRsv using 138
publicly available PacBio HiFi WGS data detected a median of approximately 17,275 (250
bp) and 254,159 (23 bp) TR-CNV alleles per individual, representing approximately 60% of
the SVs/short indels present in the human genome, respectively. Tandem repeat sites, espe-
cially high allele frequency TR-CNV sites, were highly enriched in Chip-seq peaks of DNA
damage checkpoint kinases (ATM/ATR) and DNA replication origins, suggesting that tan-
dem repeat regions are susceptible to DNA mutation and actively repaired. Analysis with
RNA-seq data from 59 matched samples identified many TR-CNV expression quantitative
loci (€TR-CNVs) that were significantly enriched for genes associated with specific diseases

and traits, including schizophrenia, coronary artery disease, and refraction disorders.

Results

Problems in detecting TR variations

Accurate calling of TR-CNVs from TR regions is challenging due to two main problems:
fragmented INSs/DELs and non-TR-INSs. Alignment of long reads to reference genomes
often generates fragmented INS or DEL alignments within a tandem repeat region, result-
ing in multiple INS and/or DEL calls with a haplotype within a single tandem repeat region
even if the sequence corresponding to the INS or DEL is composed of a repeat unit of the
tandem repeat region. For two STR regions with AAGG and TA repeat unit, we show exam-
ples of fragmented INSs composed of the corresponding repeat unit in a single NA12878
PacBio HiFi long read alignment (Fig. 1a and 1b). The fragmented INS alignments were
observed in all HiFi long read alignment data generated by alignment tools commonly used
for long read alignment (Minimap2 [32], NGM-LR [33], and Winowmap2 [34]), with frag-
mented INSs ranging from 14 to 28% of the INSs observed in the TR regions (Fig. 1c). As
a result, all existing long read-based SV detection tools, including cuteSV [35], dysgu [36],
Nanovar [37], pbsv, Sniffles2 [38], SVDSS [39], and SVIM [40], detect multiple DELs and
INSs in a single TR region, ranging from 7 to 19% (Fig. 1d) and 6% to 24% (Fig. 1e) of DELs
and INSs called in the TR regions, respectively. Another problem is the presence of non-
TR-INSs, i.e., sequences within the TR region that are not composed of a TR repeat unit.
This class of INS consists of two types: one is INSs containing irrelevant sequences with
no or few copies of a repeat unit (Additional file 1: Fig. S1a and b), and the other is INSs
of mobile elements (MEs), such as Alu, L1, and SVA (Additional file 1: Fig. S1c and d). We
found that about 5% of INSs in the TR region were non-TR-INSs.

Development of TRsv to distinguish and detect TR-CNVs, SVs, and indels inside and outside
the TR regions

To address these issues related to TR-CNV calling, we developed TRsv, a computational
tool that detects TR-CNVs within and around the TR regions in a motif/sequence-
resolved manner, as well as SVs outside the TR regions. Although any custom TR data
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Fig. 1 aExample of fragmented INSs in a TR with four-nucleotide motif unit. The TR region shown consists
of 156.5 copies of AAGG or similar motifs in the reference genome, and each long read alignment contains
two distinct 169 bp INSs within this region. Both the INS sequences shown below are TR expansion consisting
of AAGG or similar motifs, indicating that the two INSs can be merged into a single INS. b Example of
fragmented INSs in a TR with TA motif. The alignments containing a TR region contain three distinct INSs

in each read, all of which are TR expansion consisting of a TA motif. Alignment snapshots were generated
using the IGV viewer with a bam file of NA12878 HiFi long reads aligned against the human reference
GRCh37. ¢ Multiple fragmented INSs within a TR region observed in long read alignments created with
different alignment tools. INSs in each TR region were counted using a bam file of NA12878 HiFi long reads
created with the indicated long read alignment tools. When 250 bp INSs within a TR region were derived
from multiple INSs on the same read, the INS was considered a Multi TR-INS. d Multiple INSs found in a TR
region, detected with long read-based SV detection tools. Single, double, and triple or greater INSs per TR
region were counted using 250 bp INS calls generated with the indicated tools and the bam file of NA12878
HiFi long reads. Multiple TR-INSs (2 INSs and 23 INSs) include both fragmented and muilti-allelic INSs in a TR
region. e Multiple DELs found in a TR region, detected with long read-based SV detection tools. Multiple DELs
(2 DELs and 23 DELs) include both fragmented and multi-allelic DELs in a TR region

can be used for TRsy, in this study we used a combination of TR data from the UCSC
and HipSTR sites [41], in which TR regions with 230% reciprocal overlap were merged
without redundancy and restricted to a size range from 20 bp to 10 Kb (see Methods in
details). TRsv first examined the similarity of the INS sequences detected within and
around the TR regions to MEs to detect ME INSs within TR regions (Fig. 2). When
more than half of an INS sequence consisted of a TR motif or its similar motifs, the INS
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was assigned as a TR-CNV in the TR region. Multiple INSs in one TR region aligned
by the same long read were merged into one TR-INS, as well as multiple DELs in one
TR region. When TR-INSs or -DELs of different sizes were aligned by different long
reads, these INSs or DELs were assigned as TR-CNVs of distinct haplotypes. TRsv also
detected SVs (DEL, INS, DUP, INV, and TRA) and short indels outside the TR region,
including short SVs/indels embedded within read alignments and large SVs supported

[ Bam/Cram ] | TR region bed |

TR regions Non-TR regions
‘ TR-CNV calling ‘ SV calling
TR region ~10 Kb INSs/DELs
Ref
> Ref
DEL DEL —
< LR <
LR /\ "\, DEL
INS INS INS
DEL
Large SVs
INS INS
‘ Ref
Assemble INSs and DELs within a LR —
single long read aligned to a TR region L
Split alignments
Read1 DEL — —
Read2 INS s s ‘
Read3 INS
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INSs in TR ¥ Alignment
* Alignment Mobile elements
Flanking and other genomic regions
Mobile elements *
False / . )
True INS with MEI annotation
TR motif analysis INS with DUP annotation
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non-TR INSs

TR-INSs with motif unit copy number

Fig. 2 Overview of the TRsv algorithm. TRsv calls TR-CNVs within the TR regions and SVs outside the TR
region separately, using a bam/cram file of long read alignment data and a bed file defining the TR regions.
For TR-CNV calling, when a single long read aligned to a TR region contains multiple INSs and/or DELs, these
variants are concatenated as a single variant, assuming that they are copies of the TR repeat unit in the first
stage. When the variants derived from multiple long reads assigned within the TR region are of different types
or sizes, the variants are defined as two different alleles depending on the number of supporting reads and
the length ratio. Furthermore, TR-INSs are defined by sequence alignment and motif analysis to determine
whether the INS contain copies of the TR repeat unit or unrelated sequences such as mobile elements. For SV
calling outside the TR regions, INSs and DELs are detected using evidence of long-read alignments spanning
these variants or split alignments of long reads that indicate the breakpoints of large SVs. In addition,
sequence alignment and motif analysis are performed for 220 bp INSs outside the TR regions to determine
whether these INSs are mobile element INSs, tandem repeat INSs, or DUP-containing INSs. Variants called
from multiple samples are joint-called to create a single vcf file
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by split read alignments. The INSs in the non-TR region were annotated as follows:
check for similarity to ME in the INS sequence to see if the INS is a ME insertion; check
for the other genomic sequences of the INS to see if the INS is a tandem/interspersed
DUP. To identify INSs containing tandem repeats outside the TR regions, INSs in non-
TR regions were further checked using the Tandem Repeat Finder (TRF) tool to see if
the INS sequences contained TR copies of a short motif. Low-quality SVs from non-HiFi
reads were filtered using a machine learning-based method. TRsv also had the ability to
merge (joint call) multiple vcf files generated from multiple samples and annotate SVs

that overlap with gene regions.

Evaluation of TR-CNVs called using TRsv and other existing tools

To evaluate the accuracy of TR-CNV detection of TRsv and existing TR-CNV detec-
tion tools, we used simulated and real datasets of TR-DEL, TR-INS, and non-TR-INS.
We selected existing tools for genome-wide detection of TR-CNVs using long read WGS
data: tandem-genotypes [28], RepeatHMM-Scan [26], PacMonSTR [25], Straglr [27],
LongTR [29], TRGT [30], TREAT [31] (Table 1). TRiCoLOR [42] could not be executed
in our computing environment due to a system error. For the evaluation using simu-
lated data, we created three simulated datasets by introducing approximately 1000 of
artificial TR-DELs, TR-INSs, and non-TR-INSs into existing TR sites on diploid chro-
mosome 1 of the human GRCh38 reference genome, followed by creation of artificial
20 x PacBio HiFi long reads using the simulated genome (see Methods). The simulated
non-TR-INSs were introduced into existing TR sites, but half of them were MEs and
the other half were tandem repeats with repeat units unrelated to those of the intro-
duced TR sites. TR-CNVs called using the simulated datasets were evaluated for each
tool (Fig. 3, Additional file 1: Table S2 for numerical data). Only TRsv showed nearly
100% precision and recall across the three datasets (Fig. 3a—c). LongTR also exhibited
almost 100% precision and recall for both TR-DEL and TR-INS data, but only 20.2%
precision and 20.1% recall for non-TR-INS data. For the evaluation using real data, we
used a curated TR-CNV data selected from the GIAB HG002 TR-CNV catalog (see
Methods). This GRCh38-based reference dataset for HG002 consists of 3109 TR-INSs,

Table 1 Summary of TR-CNV detection tools

Tool Repeat unit? Input data Runtime®
adVNTR 6-100 bam/cram 32,856
PacMonSTR No limit bam 20457
RepeatHMM-Scan 1-15 bam 166
Straglr No limit bam 212
Tandem-genotypes No limit maf© 1.9
LongTR No limit bam/cram 86

TREAT No limit bam 15.8
TRGT No limit bam 8.2

TRsv¢ No limit bam/cram 11.9

2 Unit size range of tandem repeat that can be used

b Execution time (minutes) per 10,000 tandem repeats per CPU core
© maf alignment data generated with the last alignment tool
dTR-CNVs and SVs with 23 bp were detected with 6 CPU cores
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Fig. 3 Evaluation of TR-CNV detection tools using simulated data (a—c) and real data (d—f). Simulated data
consisted of three sets of simulated PacBio HiFi long reads created using the diploid chr1 of the GRCh38
reference, in which approximately 1000 of artificial TR-DELs, TR-INSs, or non-TR-INSs were incorporated into
the existing TR sites of chr1. Non-TR-INSs are insertions that do not consist of repeat units of the incorporated
TR sites. For real data, HGO02 HiFi long read WGS data and reference TR-CNVs selected from the GIAB HG002
TR-CNV catalog were used. Evaluation results using simulated TR-DEL (a), TR-INS (b), and non-TR-INS (c)

data. Evaluation results using the real HG002 data of TR-DEL (d), TR-INS (e), and non-TR-INS (f). Straglr is not
designed to detect TR-DELs. In the evaluation for non-TR-INS, INSs called as standard INSs (non-TR-INSs) were
evaluated as TP for the TRsv tool, while for the other tools TPs were considered if the called INS sequence was
found to contain only less than 50% reference repeat content. For LongTR, variants with INEXACT_ALLELE tag
in the output vcf file were considered as TP for non-TR-INS data. Precision (%) and recall (%) are indicated with
blue and orange bars, respectively

2416 TR-DELs, and 144 non-TR-INSs (all 250 bp) at 4746 TR sites. TR-CNV detection
tools were run on the 4746 reference TR sites using HG002 PacBio HiFi WGS data. The
evaluation of the called TR-CNVs showed that only TRsv had high precision and recall
for all three types, TR-DEL (97.5% precision and 94.4% recall), TR-INS (97.4% preci-
sion and 92.5% recall), and non-TR-INS (93.9% precision and 96.5% recall). LongTR,
TREAT, and TRGT also showed high precision (96.7%, 96.9%, and 96.1%, respectively)
and recall (92.6%, 96.9%, and 96.0%, respectively) for TR-DELs but not for the other
data, and Straglr, LongTR, and TREAT also showed high precision (94.8%, 96.9%, and
96.4%, respectively) and recall (92.9%, 90.6%, and 94.5%, respectively) for TR-INSs but
not for the other data (Fig. 3d, e). These results indicate that TRsv can not only accu-
rately detect TR-CNVs, but also discriminate between non-TR-INSs and TR-INSs in
TR regions. We determined the runtime per 10,000 tandem repeats per CPU core for
each tool using HG002 HiFi data and found that TRsv was one of the tools showing the
shortest runtime, despite that TRsv simultaneously detects SVs outside the TR regions
(Table 1). Tandem-genotype had the shortest runtime, but it often took several days or
more to create the input maf alignment file with the LAST tool. These results show that
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TRsv outperforms the existing TR-CNV detection tools tested in terms of both preci-
sion, sensitivity, and runtime.

Evaluation of SVs and short indels called outside TR regions

To compare the SV detection performance between TRsv and other eight long read-
based SV detection tools, SVs outside the TR regions called using three long read WGS
datasets (NA12878 HiFi, HG002 HiFi, and HG002 ONT) were evaluated using the cor-
responding reference SV datasets (3717 DELs and 4195 INSs for NA12878, 3663 DELs
and 4656 INSs for HG002) (see Methods). TRsv had the highest recall (81.3-93.3%) of
DEL among the nine tools for the three datasets, and the recall of INS was as high (81.9-
87.8%) as the other tools (Fig. 4, Additional file 1: Table S2 for numerical data). In terms
of precision, all tools showed high precision (90-99%) for both INS and DEL on all three
datasets (Fig. 4). The evaluation of TRsv false positive calls by manual visual inspection
(see Methods) showed that TRsv could detect INSs and DELs with nearly 100% preci-
sion (Additional file 1: Table S3). TRsv used a machine learning-based filtering strategy
(see Methods for details) for SV calls from non-HiFi reads, thereby improving precision,
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Fig. 4 SVs called outside TR regions with long read-based SV detection tools. Precision (blue bars) and recall
(orange bars) of INSs (a, ¢, €) and DELs (b, d, f) called with long read-based SV detection tools in NA12878 HiFi
(a, b), HG002 HiFi (c, d), and HGO02 ONT (e, f) WGS data. SV calls of 250 bp that were outside the TR regions
were used for the evaluation using the reference SV sets for NA12878 and HG002 (Methods for details)
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especially for INS calls in PacBio CLR data (Table 2). For DUP calling, TRsv detected the
highest number of 21 Kb TP DUPs outside the TR regions in both NA12878 and HG002
HiFi data, with precision comparable to the other tools (Additional file 1: Fig. S2). The
efficient DUP detection of TRsv is likely due to its algorithm that integrates read depth
and split-read statistics. In the evaluation of genotyping, all the tools except Dysgu,
SVDSS, SVIM, and NanoVar showed high (>96%) precision for all datasets (Additional
file 1: Fig. S3).

TRsv detected short indels as short as 1 bp outside the TR regions using HiFi long
read alignment data. We evaluated the accuracy of indel detection using TRsv, PEPPER-
Mergin-DeepVariant (PEPPER) [43], and GATK4 [44] by analyzing shared and unique
calls between TRsv and PEPPER or GATK4 (see Methods). TRsv called more indels for
both insertions (ins) and deletions (del) than the other tools with nearly 100% precision
for unshared unique calls (Fig. 5a and b) The precision of the unshared unique calls of
PEPPER was also nearly 100% with over 97% of the PEPPER indel calls shared with the
TRsv indel calls in all size ranges (Fig. 5b and d), suggesting the highest recall of TRsv.
The number of indel calls shared between TRsv and PEPPER or GATK4 decreased as the
indel size increased (Fig. 5c—e), suggesting that TRsv had higher recall in larger indels
than the other tools.

TR-CNVs, SVs, and short indels detected from 138 PacBio HiFi WGS dataset using TRsv

We collected 138 publicly available, high coverage, parentage-free PacBio HiFi WGS data
from diverse populations, mainly obtained from the Human Pangenome Reference Con-
sortium (HPRC), the Human Genome Structural Variation Consortium (HGSVC) in the
1000 Genomes Project (1KGP), and the Genome in a Bottle Consortium (GIAB). From
the 138 HiFi WGS datasets, TRsv detected 60,840 TR-CNV and 78,064 SV sites outside
the TR regions for 250 bp variants (HiFi-var50) and 804,415 TR-CNV and 1,599,476 SV/

Table 2 Precision and recall of SVs before and after machine learning-based filtering of TRsv

Sample Read SV type ML-Filtering® Number of calls Precision (%) Recall (%)
NA12878 PacBio CLR INS — 4949 70.1 77.0
+ 3841 88.6 756
DEL — 2842 94.3 72.1
+ 2800 95.1 716
Nanopore INS - 4179 884 80.4
+ 3744 944 785
DEL — 3529 84.7 81.9
+ 3271 90.0 79.2
HG002 PacBio CLR INS — 5686 67.6 823
+ 4054 923 74.1
DEL — 3269 94.1 84.0
+ 3217 95.2 77.2
Nanopore INS - 4767 83.3 84.9
+ 4081 927 81.1
DEL — 3753 86.3 883
+ 3460 92.1 87.0

# Machine learning-based filtering was applied (+) or not applied (—) for SV calls
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Fig. 5 Short indels outside TR regions. a Total number of indel calls for TRsv, PEPPER, and GATK4. We called
ins and del in the size range 1-100 bp with NA12878 PacBio HiFi WGS data for TRsv and PEPPER and with
NA12878 lllumina short read WGS data for GATK4. Indels outside TR regions were used for analysis. b Precision
of unique indels not shared between tools. Among the unique indels not shared between TRsv and PEPPER
or GATK4, 200 indels each of ins and del were randomly selected, and the precision of the selected indels
was estimated by manual visual inspection with the IGV viewer using the WGS data for both the HiFi long
read and lllumina short reads. The black thin bars on the bars show the confidence intervals obtained using

a binomial test. ¢ Number of indel calls across indel size range. In TRsv, the number of ins and del calls in the
indicated indel size range is indicated by blue and light blue bars, respectively. The number of PEPPER ins and
del calls is indicated by orange and light orange bars, respectively, and the number of GATK4 ins and del calls
is indicated by gray and light gray bars, respectively. The number of indel calls is given in a base-10 log scale.
d Percentage of indels shared between TRsv and PEPPER. The percentage (shared rate) of ins and del calls
matched in the indicated indel size range between TRsv and PEPPER calls is shown as blue and pale blue bars
for TRsv and orange and pale orange bars for PEPPER, respectively. e Percentage of indels shared between
TRsv and GATK4. The percentage of ins and del calls matched in the indicated indel size range between

TRsv and GATK4 calls is shown as blue and pale blue bars for TRsv and gray and pale gray bars for GATK4,
respectively

indel sites for 23 bp variants (HiFi-var3) (Additional file 1: Table S4). The median num-
ber of TR-CNYV alleles per sample was 17,275 for 250 bp and 254,159 for 23 bp, and the
median number of SVs/indels outside the TR regions was 10,131 for 250 bp and 168,492
for 23 bp (Fig. 6a and Additional file 1: Table S4). Of the TR-CNV sites, 65% in HiFi-var3
and 57% in HiFi-var50 were multi-allelic sites with different copies of expanded and/or
contracted repeat units, and in each individual, about 19% in HiFi-var3 and 23% in HiFi-
var50 were multi-allelic sites (Additional file 1: Table S4). Of 39,339 INSs in HiFi-var50,
19,947 (50.7%), 11,135 (28.3%), and 2790 (7.1%) were ME-INSs with homology to ME,
DUP-INSs with homology to other genomic regions, and TR-INSs with tandem repeats
outside the reference TR regions, respectively. Of the TR sites with INS, 1795 (5.2%) sites
had non-TR-INSs in HiFi-var50 (Additional file 1: Table S4). Allele frequencies (AFs) of
TR-CNVs were significantly greater than those of SVs (Fig. 6b and c). The trend toward
higher AF was more pronounced for 250 bp TR-CNVs than for TR-CNVs in the 3-49 bp
range. TRsv determines the increase or decrease in the copy number of repeat units of
TR-CNVs to the last digit. We measured the frequency of increased or decreased repeat
unit copy number of TR-INSs and TR-DELs in different repeat unit size ranges (Fig. 6d
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Fig. 6 Properties of TR-CNVs and SVs/indels detected from 138 human HiFi WGS datasets. a Median number
of TR-CNVs and SVs per individual. Variants in the ranges 3-49 bp and 250 bp are indicated by blue and
orange bars, respectively. b, ¢ Percentage of variants stratified by AF. The percentages of variants in the AF
ranges of <0.01,0.01-0.05, 0.05-0.2, 0.2-0.5, 0.5-0.8, and > 0.8 for TR-CNVs, INSs (outside TR regions), and DELs
(outside TR regions) in the ranges of 3-49 bp (b) and 250 bp (c) are shown as blue, orange, gray, yellow, cyan,
and green bars, respectively. d Copy number distribution of repeat units in TR-INSs with unit sizes from 5 to
50 bp. The frequency of TR-INSs corresponding to the indicated number of unit copies determined to one
decimal place is indicated by blue bars. The number of TR-INSs with one unit copy is shown in blue. e Copy
number distribution of repeat units in TR-DELs with unit sizes from 5 to 50 bp. The frequency of TR unit copy
number is shown as in d. f Triplet motifs of TRs and TR-CNVs abundant in gene regions. The enrichment of TR
and TR-CNV triplet motif sets present in the CDS, 5”-UTRs, and introns of protein-coding genes was tested as
a control for the 3-mer frequency of the corresponding gene region to calculate odds ratios (OR). The motifs
in the opposite-strand genes were reverse complemented. ORs in the CDSs, 5"-UTRs, and introns of the
triplet motif sets are shown by light blue, orange, and gray circles, respectively, with confidence intervals. The
ODs of TR and TR-CNV are shown by circles without and with black borders, respectively. The motif on the
left represents one of three overlapping motifs with 1 bp shifts on that repeat (e.g., CGG contains two other
overlapping motifs, GGC and GCG). On the right side, the number of corresponding TRs and TR-CNVs and
their percentages of the total triplet TRs/TR-CNVs are shown. g Triplet motifs enriched or depleted in 3-49 bp
TR-CNVs and 250 bp TR-CNVs. Enrichment of the TR-CNV triplet motif sets in either CDSs, 5”-UTRs, or introns
of the protein-coding genes was tested against TR triplet motif sets. ORs for TR-CNVs 250 bp and 3-49 bp are
shown by orange circles with and without black borders, respectively. The motifs were represented as in g.
On the right, the number of corresponding TR-CNVs and their percentages in all triplet TR-CNVs are shown
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and e for 5-50 bp unit size range, Additional file 1: Fig. S4 for the other unit size ranges).
For both TR-INSs and TR-DELs, clear peaks of integer copy number frequency were
observed in any unit size ranges (81% of TR-CNVs were integer copy number in HiFi-
var3), indicating that repeat unit-based expansion and contraction generate INSs and
DELs within the TR regions.

Triplet motifs observed in repeat expansion disorders are enriched in both TRs

and TR-CNVs within CDSs and 5’-UTRs

TR expansion in gene regions, especially those with a repeat unit size of 3-6 bp, is
responsible for many diseases. We examined which of 1-10 bp unit sizes of TRs and
TR-CNVs are biased in the CDS, 5'UTR, and intron of protein-coding and non-coding
genes. As expected, the frequencies of TRs and TR-CNVs of unit sizes other than 3 bp, 6
bp, and 9 bp were highly constrained in the CDSs (Additional file 1: Fig. S5a and e), sug-
gesting negative selection against frameshift translation. In the non-coding gene exons,
TRs and TR-CNVs of 3 bp, 6 bp, and 9 bp units were moderately enriched (Additional
file 1: Fig. S5h and j), suggesting some non-coding genes may have been translated. In
the 5'-UTRs, both TRs and TR-CNVs with unit sizes of 3 bp, 6 bp, and 9 bp were posi-
tively biased (Additional file 1: Fig. S5b and f), suggesting that some 5’-UTRs may be
translated, as observed in the disease-related repeat expansions in the 5'-UTRs. In con-
trast, no significant unit size enrichment or constrain was observed in the introns of the
protein-coding and non-coding genes (Additional file 1: Fig. S5g and k). The enrichment
of 3 bp, 6 bp, and 9 bp units in the CDS/exon and 5'-UTR was greater for TR-CNVs than
TRs, suggesting that there may be translational regulation via copy number changes in
the TR region. We then focused on the most significantly enriched 3 bp (triplet) motifs
to determine which triplet motifs are more abundant among all the triplet motifs located
in CDSs, 5'-UTRs, or introns. Four triplet motif sets with 1 bp shifts, CGG/GGC/
GCG, CCG/CGC/GCC, AGG/GGA/GAG, and CAG/AGC/GCA, were more common
in CDSs than the other 16 motif sets for both TRs and TR-CNVs, accounting for 71%
of all TR-CNV triplet occurrences in CDSs (Fig. 6f). The top two sets of CDSs, CGG/
GGC/GCG and CCG/GCC/CGC, were also the top two sets of 5'-UTRs, representing
76% of all TR-CNYV triplets present in the 5'-UTRs. In particular, the CGG/GGC/GCG
GC-rich triplets, involved in repeat expansion diseases, were present at a higher rate in
TR-CNVs than in TRs. On the other hand, the most abundant triplets in introns were
AT-rich triplets such as ATT and AAT (Fig. 6f). We examined the extent to which each
triplet motif set in 3—49 bp TR-CNVs and 250 bp TR-CNVs is biased compared to those
in TRs in gene regions containing transcribed regions and their 1 Kb flanking regions.
Five triplet sets, including CTT/TTC/TCT and AGG/GGA/GAG, were present at high
rates in 250 bp TR-CNVs but not in 3-49 bp TR-CNVs, whereas the four sets that were
abundant in introns were present at low rates in 250 bp TR-CNVs (Fig. 6g). The results
suggest that the degree of copy number change of the triplet motifs in the TRs depends
on the sequence of the motif and the region in which the TR is present.

TR-CNVs and TRs are enriched in HAQERs and in DNA repair sites
Preferentially occurring sites of TRs and TR-CNVs in the size range 100-5000 bp were
examined for functional genomic regions using permutation tests (see Methods). The
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enriched genomic regions included the Human Ancestor Quickly Evolved Region
(HAQER) [45] and the promoter regions in bivalent chromatin states (TssBiv) (Fig. 7a).
HAQERs are human genomic regions highly divergent from the human-chimpanzee
ancestor and evolved under elevated mutation rates and positive selection. HAQERSs
have also been shown to be enriched in TssBiv regions [45]. About 29.5% and 27.5% of
HAQERs (N=1526) overlapped with TRs and TR-CNVs, respectively. The enrichment
of TR-CNVs was more pronounced for 250 bp TR-CNVs than 23 bp TR-CNVs (Fig. 7a).
TR-CNVs with higher AFs were more enriched in HAQER than TR-CNVs with lower
AFs (Additional file 1: Fig. S6a and b). The most frequent TR size range for TR-CNVs
overlapping HAQERs was 500—-1000 bp (Additional file 1: Fig. S6¢c and d), which was
consistent with the mean size of HAQERs (800 bp). In contrast, evolutionarily conserved
regions were highly constrained for both TRs and TR-CNVs (Fig. 7a). Transcriptionally
regulatory sites, including open chromatins (ATAC-seq), enhancers (VISTA-Enh), and
transcription factor (TF) binding sites (TF-BS and TF-FP), were also constrained for
both TRs and TR-CNVs (Fig. 7a). These results suggest that many transcriptional regula-
tory regions are largely composed of conserved regions lacking TRs.

(See figure on next page.)

Fig. 7 Enrichment of TR-CNVs detected in 138 HiFi WGS datasets for functional genomic elements. a
Enrichment for functional genomic elements and epigenetic regulatory sites. To examine the enrichment

of the indicated genomic elements or epigenetic sites in TRs (N=113,383) and TR-CNVs (N = 70,822 for 23
bp, N=234,818 for 250 bp), we performed permutation tests using randomly selected elements from the
GRCh37 human genome corresponding to the number of the genomic elements. TRs included 100-5000
bp of TR and TR-CNV sites. To fairly compare the enrichment of TRs and TR-CNVs, a fixed size of 100 bp from
their centers was used to determine their overlap with the 200 bp center region of each genomic element.
For fastCons and TF-BS, the data from only chr1 were used for analysis due to the large data size. ORs for TR,
23 bp TR-CNVs, and 250 bp TR-CNVs are shown by circles in blue, orange, and orange with black borders,
respectively, with confidence intervals. A blue dot line indicates a border of OR 1.0. On the right, the former,
separated by a colon, shows the number of TRs/TR-CNVs that overlap with the corresponding elements,

and the latter the average of 1000 permutation tests. HAQER: human ancestor quickly evolved regions
(N=1526), phastCons: evolutionarily conserved regions (N = 1,071,394), ATAC-seq: open chromatin regions
(N=1,071,394), VISTA-Enh: experimentally determined enhancer regions (N=1927), TF-BS: TF-binding

sites (Chip-seq data of 87 TFs for the NA12878 lymphoblastoid cell line) (N=263,442), TF-FT: TF-binding

sites (DNase | footprinting regions for hematopoietic cells) (N=2,006,091), TssBiv: promoters in bivalent
chromatin states (N =2047). All the permutation tests showed p values of < 1 x 107/, except for VISTA-Enh
(1.1 x 107° for TR and 4.2 x 107 for TR-CNVs) and TssBiv (1.8 x 10~* for TRs). b Enrichment for ChlP-seq data
involved in DNA damage response. Permutation tests for the indicated ChIP-seq proteins to determine the
enrichment of TRs and 23 bp TR-CNVs were performed as in a. RepOrigin: human core DNA replication
origins (N=62,939), ATM: checkpoint kinase activated upon DNA double-strand breaks (N=1209), MCM2/
MCM?7: DNA helicase involved in DNA replication licensing (N=4299 for MCM2, 2462 for MCM7), NBN: a
factor involved in DNA repair through homologous recombination (N =39,807), XRCC3: a factor involved

in the homologous recombination repair pathway (N =1986), BrITL: DNA break sites upon ATR checkpoint
kinase inhibition (N=166). All the permutation tests showed p values of < 1 x 107, except for XRCC3 (0.015
for TR-CNVs). € Summary of enrichment for Chip-538 data. TRs and TR-CNVs were limited to transcribed and 5
Kb flanking gene regions. Permutation tests for a total of 538 ChIP-Seq proteins to determine the enrichment
of non-variable TRs and TR-CNVs were performed as in a. The percentage of Chip proteins enriched with ORs
of 21.0,22.0, and 23.0 among the total Chip proteins tested for non-variable TRs (N=22,262) and 23 bp
TR-CNVs (N=132,162) is shown by blue, light blue, and gray bars, respectively. d Chip-538 proteins enriched
in non-variable TRs and TR-CNVs with 23.0 OR. TRs and TR-CNVs were limited to transcribed and 5 Kb flanking
gene regions. ORs of TRs and 23 bp TR-CNVs are indicated by blue and orange circles, respectively. The
numbers separated by a colon on the right are shown as in a. The blue numbers on the right indicate the
mean AFs of the overlapped TR-CNVs. Proteins from the ChiIP-seq data involved in transcriptional regulation,
chromatin modification, DNA replication and repair, and RNA processing are shown on the left in blue,
purple, red, and green, respectively



Kosugi and Terao Genome Biology ~ (2025) 26:246 Page 14 of 35

a Enrichment for functional genomic elements d Chip-seq proteins highly enriched in TRs and TR-CNVs
®TR ®=3bpTR-CNV @2 50 bp TR-CNV ® TR ® TR-CNV
e 450:19 TSC22D4 —— 59:6.7
HAQER o 420:12 NFYB o 611:73
—@— 30057 NFYA ——i 164:21
phastCons ° 831:6504 ASHIL —o—i 197:26
° 489:4043 XRCC3 ——— 29:4.5
™ 687:1191 McM2 —— 84:13
R [ 364:751 MCM5 —e——— 1 24:3.9
" —_— 3:23 TRIP13 —_— 36:6.5 AF
VISTA-Enh —— 214 ZNF512 e 301892 0.586
s » 739:2873 TSC22D4 @ —— 21667 0306
U - 4711786 CREBBP T 90:3.1  0.488
TEEP ° 7316:22685  YBX1 180:7.5 0.343
B ° 438514268  ZNF408 ° 72:32 0345
o 41:24 PCBP2 e 422119 0549
TssBiv P 41:15 YBX3 162:7.9  0.384
—e—i 287.4 SLC30A9 = 4925 0.379
ARHGAP35 ———— 276:15 0332
0.01 0.2 4 80 MCM2 ——— 240:13  0.338
U2AF2 ° 21:12 0702
OR MCM5 ° 64:39 0337
ZBTB26 —_ 575:36  0.354
b Enrichment for DNA damage response factors NROB1 ' 805 0609
) McM7 —_— 253:16  0.467
]
igin |t ® 3526:899 cDCsL —— 330:22  0.304
RepOrigin | “g 2675:558 McM3 —_— 120:80 0.340
: ————i 419:16 SRSF9 ° 3.0:02 0857
ATM H —e———— 34210 XRCC4 3.0:0.2 0331
MCM2 : —o—it 1003:59 SUPT20H ° 3.0:002 0047
i _— 816:37 HNRNPK —e— 664:50  0.524
: —e— 520:33 NCOA4 ——— 107:8.3 0.363
mem7 - ——— 47221 ZNF277 —— 87:68 0363
NBN [ 836:521 THRAP3 —_— 252:22  0.397
® 601:326 TRIP13 —_— 76:65 0.377
138:229 HBP1 —— 49344 0340
RADS1 : ® TR 79:144 ZNF140 — e 5549 0328
TS ® TR-CNV 86:26 THRB —— 539:49  0.356
XRCC3| | 25:16 oTX1 —— 477:46  0.346
BrITL : - 20:2.1 ZBTBS ——i 350:34 0364
i 19:1.3 ZNF184 —o—i 709:76  0.363
' ZNF354C —e— 210:23 0355
0 10 20 30 40 50 PHB2 —— 21824  0.365
NCOA2 —_— 152:18  0.432
OR NFATC1 —o— 399:48  0.290
BCL3 o 660:83  0.301
¢ Enrichment for ChIP-seq proteins PPARD —— 24:30 0396
MTF1 — 63:8.1 0.381
2ZNF407 —— 17823 0.392
_ E230R "220R ®210R ZNF622 1o 5.0:0.7 0.347
TR IRF5 —c— 61:86 0.288
HLTF o 31345 0376
7773 —_— 7611 0570
ZC3H8 o 299:44  0.403
I ZNF263 —e— 11417 0.341
TR-CNV NR3C1 —— 112:17  0.360
ZBTB2 o 45571 0.480
0 5 10 15 20 25 30 0 10 20 30 40
Fraction of ChIP-seq proteins (%) OR

Fig. 7 (Seelegend on previous page.)

As highly mutable regions such as TR regions are constantly subject to DNA replica-
tion stall, mutation, and repair, we examined whether TRs and TR-CNVs are enriched
in sites to which DNA damage response factors are recruited. DNA double-strand break
checkpoint kinase (ATR) and DNA replication licensing factors (MCM2/MCM?7), as
well as ATM inhibition-induced double-strand break sites (BrlTL [46]) and replication
origins (RepOrigin), were enriched in TR regions with more prominently in TR-CNV
regions (Fig. 7b). This observation suggests that DNA replication stress causes DNA rep-
lication folks to stall at TR regions, leading to expansion or contraction of the repeat
unit. However, proteins involved in the DNA double-strand break-induced homologous
recombination (HR) repair pathway (RAD51 and NBN) were not enriched in TR and
TR-CNV regions, which suggests that replication stalled at TR regions collapses and is
repaired possibly through non-HR repair pathway, including the micro-homology medi-
ated end joining (MME]) pathway [47].

Some DNA-binding proteins are enriched for binding to TR-CNV sites but not to
non-variable TR sites

Although TF-binding sites were generally depleted in the TR and TR-CNV regions,
some DNA-binding proteins may be abundant in the TR or TR-CNV regions, because
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repeated TF-binding motifs generally increase the binding affinity of TF. We examined
the enrichment of protein binding sites present in TRs/TR-CNVs using the ENCODE
ChIP-seq data (Chip-538) for 538 DNA-binding proteins from GM12878 and K562
cell lines. Seventy-one (15.1%) ChIP proteins were enriched in TR-CNV regions with
23 OR while only 16 (4.1%) were enriched in non-variable TRs with 23 OR (Fig. 7¢).
These enriched ChIP proteins included proteins involved in DNA replication/repair
(MCM2/3/5/7, XRCC3), chromatin modification (CREBBP, ASH1L), and transcriptional
regulation (TSC22D4, NFYA/B, PCBP2) as well as those involved in RNA processing
(YBX1/3, U2AF2, CDC5L, HNRNPK) (Fig. 7d). TR-CNV sites overlapping with the
ChIP-seq data had higher levels of mean AF in most cases (Fig. 7d). These results sug-
gest that some TR sites, especially mutation-prune TR-CNV sites, are both transcrip-
tional regulatory sites and DNA damage susceptibility sites induced by replication and
transcriptional stress [48].

TR-CNVs associated with gene expression are enriched in gene regions involved in many
diseases and traits
To determine whether TR-CNVs are associated with gene expression, we used pub-
licly available LCL-derived RNA-seq data from 59 samples, 39 of which were included
in the 138 HiFi WGS data. We added PacBio CLR and HiFi long read WGS data for
the remaining 20 samples and created a new vcf file (R59-var20) containing 220 bp TR-
CNVs for the 59 samples using TRsv. To identify TR-CNVs associated with gene expres-
sion (€TR-CNVs), we tested the association between normalized gene expression of the
LCL-derived RNA-seq data from 59 samples and TR-CNV unit copy number. A total
of 24,514 genes (17,160 coding genes) were tested in a linear regression model against
59,959 TRs (55,211 TRs for coding genes). A total of 104 €eTR-CNVs were identified that
were controlled for significance with FDR < 0.05, and these eTR-CNVs positively or neg-
atively affected the expression of various genes depending on their unit copy number
(Additional file 1: Fig. S7). Due to the small number of FDR-based eTR-CNVs, the upper
and lower percentiles of the eTR-CNVs sorted based on p values of the association tests
were used for downstream analysis. Site-based eTR-CNVs with non-redundant TR sites,
ranked in the top 10th percentile (N=5988, p values: 9 x 107 to 2.8 x 1072), were more
abundant in the exonic regions and the gene flanking regions within 1 Kb or 5 Kb of
the terminal exons and less abundant in the introns and the 5-100 Kb flanking regions,
compared to eTR-CNVs ranked in the bottom 20th percentile (Fig. 8a). We examined
the enrichment of the top 10th percentile €TR-CNVs for DNA-binding factors using
the ChiP-538 dataset. The top 10th percentile eTR-CNVs were significantly enriched in
transcriptionally active regions (p values: <1 x 10~ for enrichment), including 27 Chip-
seq proteins of RNA polymerase complex (POLR2G and POLR2A), RNA processing fac-
tors (RBFOX2, TARDBP, and RBM22), and TFs, compared to the bottom 20th percentile
ones (Fig. 8b). In contrast, there were no depleted Chip-seq proteins with<1 x 10™* p
value in the top 10th percentile eTR-CNVs. These results suggest that the top 10th per-
centile eTR-CNVs are involved in transcriptional regulation.

To examine whether €eTR-CNVs are involved in diseases and quantitative traits (QTs),
37 disease-associated and 109 QT-associated genes collected from the GWAS catalog
were used for association tests. The gene-based eTR-CNVs with non-redundant genes
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Fig. 8 eTR-CNVs associated with gene expression. a Gene regions enriched in eTR-CNVs. We determined

the enrichment of the top 10th percentile of site-based eTR-CNVs (N=5799) against the bottom 20th
percentile eTR-CNVs (N=11,657) in each gene region shown at the left. ORs are indicated by blue circles with
confidence intervals. Flank1Kb, Flank5Kb, and Flank100Kb indicate the regions within 1 Kb, 5Kb, and 100 Kb
from the terminal exons, respectively. On the right side, the number of eTR-CNVs in the top 10th percentile
and the bottom 20th percentile are shown separated by colons. b Chip-538 proteins enriched for eTR-CNVs.
In the site-based eTR-CNVs overlapping with the Chip-seq peaks for the proteins shown on the left, the
enrichment of the top 10th percentile eTR-CNVs against the bottom 20th percentile eTR-CNVs was tested.
Proteins are classified by different colors, as in Fig. 7d. ORs and the number of eTR-CNVs are shown as in a. All
the indicated associations showed p values of < 1 x 1078 in the test. ¢ Disease-associated genes enriched in
eTR-CNVs. In the gene regions (exons, UTRs, introns, and flank-100Kb) of disease-associated protein-coding
genes from the GWAS catalog, the enrichment of gene-based eTR-CNVs (N=17,160) in the indicated
percentile range against those in the bottom 20th percentile was tested. ORs are shown as colored bars with
confidence intervals: blue: schizophrenia (SCZ), orange: attention deficit hyperactivity disorder (ADHD), gray:
Parkinson disease (PD), yellow: multiple sclerosis (MS), cyan: myocardial infarction (M), green: atrial fibrillation
(AF), pale blue: hypertension, pink: lung carcinoma (LuCa), pale green: basal cell carcinoma (BCC), light

gray with edging: average for all 37 diseases (ALL), and pink with edging: Random as control. The “Random”
control represents the average OD from 1000 enrichment tests with 800 randomly selected protein-coding
genes. d Quantitative traits-associated genes enriched in eTR-CNVs. In the gene regions of QT-associated
protein-coding genes from the GWAS catalog, the enrichment of eTR-CNVs was tested as in ¢. ORs are shown
as colored bars with confidence intervals: blue: body height, orange: body mass index (BMI), gray: diastolic
blood pressure (DBP), yellow: electrocardiography (ECD), cyan: forced expiratory volume (FEV), green: bone
density (BMD), light blue: chronotype measurement, pink: risk-taking behavior, light green: smoking behavior,
light gray with edging: average for all 109 traits (ALL), and pink with edging: Random as control.

(N=17,160) in the upper percentiles, such as the top 20th and 20-40th percentiles,
were significantly enriched for genes associated with several common diseases (Fig. 8c),
including schizophrenia (SCZ), attention deficit hyperactivity disorder (ADHD), Parkin-
son disease (PD), multiple sclerosis (MS), myocardial infarction (MI), atrial fibrillation

(AF), hypertension, lung carcinoma (LuCa), and basal cell carcinoma (BCC), compared

Page 16 of 35
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to eTR-CNVs in the lower 20th percentile and those overlapping with randomly selected
genes (Random) in permutation tests. For QTs, the eTR-CNVs in the upper percentiles
were significantly enriched for genes associated with several QTs (Fig. 8d), including
diastolic blood pressure (DBP), electrocardiography (ECD), forced expiratory volume
(FEV), bone density (BMD), chronotype, risk-taking behavior, and smoking behavior,
compared to those in the lower 20th percentile and the Random controls. These results
suggest that the transcriptional regulation of several disease-associated and QT-associ-
ated genes is regulated by eTR-CNVs.

Discussion

This study shows that long read alignments often generate multiple INSs and DELs in a
TR region even though these variants are in the same allele and consist of the repeat unit
copies of the TR region. In addition, INSs found in TR regions may contain sequences
unrelated to the TR unit, such as mobile elements. TRsv overcomes these limitations
by integrating multiple variants found in a single long read alignment and by carefully
checking INS sequences. In evaluations using simulated and real long read datasets,
TRsv showed higher accuracy and sensitivity in detecting TR-CNVs, especially non-
TR-INSs, than other existing long read-based TR-CNV detection tools. TRsv showed
the shortest runtime comparable to existing tools, with no limitation on the number
of TR regions and unit size. Furthermore, in detecting variants outside the TR regions,
TRsv was one of the most accurate and sensitive long read-based SV detection tools
and detected a higher number of indels with almost 100% precision than PEPPER and
GATK4.

High-quality TR-CNVs detected using TRsv from 138 PacBio HiFi long read WGS
data showed many characteristics specific to tandem repeat regions. This is the first
population-scale analysis for TR-CNVs using long read WGS data and should provide
a more realistic view of TR-CNV structure than previous studies using short read data.
TR-CNVs exhibited considerably higher AF than SVs outside the TR regions, with larger
TR-CNVs in variant size having higher AFs than smaller ones. Clear peaks of integer
copy number frequencies of TR repeat units were observed in any unit size ranges.
These observations together with the observed enrichment of DNA damage response
factors and DNA replication origins in TRs/TR-CNVs regions suggest that repeat
unit-based expansion and contraction in the TR regions occur at a high frequency by
the mechanism of DNA replication stress at the TR sites causing DNA repair-induced
mutations possibly via non-HR repair pathway. Many of the high-frequency variations
observed in the TR regions do not appear to be lost by negative selection and may serve
as human-specific variations that distinguish us from other primates, as supported by
our observation that HAQER is significantly enriched in the TR/TR-CNV regions. The
GC-rich triplet motifs in TRs, especially TR-CNVs, were significantly enriched in the
5’-UTRs and the coding exons. This suggests that the biased presence of expanded GC-
rich triplet motifs in CDSs and 5’-UTRs that cause repeat expansion diseases is due to
the intrinsic localization property of the GC-rich triplet TRs rather than a selected effect
of triplets. The unit size in TRs was significantly biased to 3 bp, 6 bp, and 9 bp in the
5’-UTRs and coding exons but not in introns and intergenic regions, suggesting peptide
translation of TRs in the 5'-UTRs. These observations support a proposed hypothesis
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that repeat expansion diseases involve aberrant translation of GC-rich triplets that are
inherently abundant in 5"-UTR and CDS [8, 12].

Many TR and TR-CNV regions are unlikely to be involved in transcriptional regulation
because TRs/TR-CNVs were depleted in TF-binding sites and transcriptional regulatory
regions. However, given the enrichment of several specific TFs in the TR-CNV region, it
is likely that some variable TR sites are involved in transcriptional regulation. The gene
expression-associated eTR-CNVs in the upper percentile, identified in this study, are
enriched in exons and gene proximal regions and in sites where mRNA transcription
and processing factors are recruited. These observations suggest that highly significant
e€TR-CNVs are involved in transcriptional regulation. In particular, several eTR-CNVs
likely regulate the expression of genes associated with several common diseases and
quantitative trait. Thus, eTR-CNVs may be strong alternative candidates for causal vari-
ants other than SNVs and indels identified by GWAS for common disease and trait. The
results of the TR-CNV analysis indicate that variants observed within TR regions should
be analyzed in terms of repeat unit sequence and copy number rather than considering
them as SVs and indels.

Conclusions

TRsv accurately discriminates between TR-INSs and non-TR-INSs at any TR sites
to identify TR-CNVs and SVs/indels simultaneously, and further annotates INSs with
homology to ME and other genomic regions as well as those containing tandem repeats
outside TR regions. The population-scale analysis for TR-CNVs using a total of 160 long
read WGS data, including 138 HiFi WGS data, provided a realistic view of TR-CNV
structure. These results showed that TRsv can indeed detect high-quality TR-CNVs in
diverse data and can be used to identify variants associated with gene regulation and
trait expression. In addition, variants identified using138 HiFi long read WGS data from
diverse populations can be used as a reference panel for TR-CNVs, SVs, and indels.

Methods

WGS datasets

A summary of WGS datasets used in this study is presented in Additional file 2: Table S1.
[lumina short-read and PacBio HiFi long-read WGS datasets of NA12878 were obtained
from 1KGP (ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/1000G_2504_high_coverage/
data) and NCBI (SRR9001768-SRR9001773), respectively. WGS datasets for HG002 were
obtained from GIAB (https://ftp-trace.ncbi.nlm.nih.gov/ReferenceSamples/giab/data_index
es/AshkenazimTrio/sequence.index.AJtrio_Illumina300X_wgs_07292015_updated. HG002)
for short reads and from HPRC (SRR13684284, etc.) for long reads. ONT Nanopore long
read WGS data for HG002 (SRR13062493, SRR13062494) and NA12878 (SRR15058167)
were obtained through the European Nucleotide Archive (ENA, https://www.ebi.ac.
uk/ena/browser/home). The PacBio HiFi/CCS long read WGS datasets for HG002 and
NA12878 had coverage of 39.9 x and 30.2 x, respectively, and N50 read lengths of 19.1 Kb
and 10.0 Kb, respectively. The coverage of the Nanopore long read WGS data of HG002
and NA12878 were 31.6 x and 31.1 X, respectively, and the N50 read length was 50.9 Kb
and 17.1 Kb, respectively. The Illumina short-read WGS datasets for NA12878 and HG002
are 150 bp and 148 bp paired-end reads with 36.7 x and 30 x coverage, respectively. Other
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long read WGS datasets were obtained from HPRC (https://humanpangenome.org/data/),
HGSVC (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/data_collections/HGSVC2 [49, 50]),
and others through ENA. All short and long reads were aligned to GRCh37 (hs37d5) or
GRCh38 (GRCh38_full_analysis_set_plus_decoy_hla.fa) using bwa mem (v0.7.17, https://
github.com/lh3/bwa) for short reads and Minimap2 (v2.24) [32] with —-MD —ax map-hifi
(map-ont for Nanopore and map-pb for PacBio CLR) options for long reads.

Reference TR data

The reference TR dataset (refTR20-10000) used for the generation of HiFi-var3, HiFi-
var50, and R59-var20 datasets was based on a TRF-based tandem repeat file (sim-
pleRepeat.txt.gz) obtained from UCSC (https://hgdownload.soe.ucsc.edu/goldenPath/
hgl9/database/) and a HipSTR reference bed file [41] (GRCh37.hipstr_reference.bed.
gz) obtained from https://github.com/HipSTR-Tool/HipSTR-references/raw/master/
human/. TR regions ranging from 20 to 10,000 bp from both files were used. In the sim-
pleRepeat.txt file, when the overlap length of adjacent repeat regions exceeded 30% of
the length of either region, either overlapping site was deleted. STR sites of the Hip-
STR repeats were merged into the simpleRepeat.txt file if the overlap length with the
simpleRepeat data is less than 20% of the length of HipSTR repeat region. The result-
ing reference TR regions consisted of 1,123,327 TRs, including 442,943 HipSTR repeats.
To find TR sequences with similarity to MEs, the reference TR unit sequences of 30 bp
or more were searched for the sequences of the MEs, including ALU, LINE1, SVA, and
HERVK using blastn [51] and yass [52] aligners. ME-homologous TRs were selected
when the repeat units exhibited 290% sequence identity and 280% alignment coverage
of the repeat unit length of 2100 bp (>90% coverage for repeat unit sizes of 30-49 bp
and 285% coverage for 50—-99 bp) in either alignment of blast or yass, yielding 5334 ALU,
353 LINE1, 2697 SVA, and 3 HERVK TRs. The homologous TE types were annotated
at the corresponding site in the reference TR file. Similarly, the GRCH38-based refer-
ence TR dataset (refTR20-10000.b38) was created using a TRF-based tandem repeat
file obtained from UCSC (https://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/
simpleRepeat.txt.gz) and a HipSTR reference bed file converted to GRCh38-based coor-
dinates using liftOver.

Reference TR-CNV data

For the evaluation of the TR-CNV detection, we used the GIAB HG002 TR benchmark
catalog (HG002_GRCh38_TandemRepeats_v1.0.1.vcf.gz) [53] as real reference data.
This catalog has been generated by determining repeat units of INSs and DELs and their
genomic regions, identified based on haplotype-resolved long read assemblies, using
TRE. TRF may identify repeat motifs with different start and end sites and sequences,
depending on its options specified and repeat contents, which may affect the evaluation
results especially for TR-CNV detection tools that identify repeat motifs alone. To alle-
viate this issue, we extracted 250 bp TR-CNVs (N=6058) from the GIAB HG002 data
with TRFrepeat tag matching the refTR20-10000 reference data and further selected
those with the same TR start coordinates and repeat units between these two data-
sets. Since the GIAB HG002 TR data was derived from haplotype-resolved assemblies,
it contained duplicated variants and ambiguous variants that were not detected by the


https://humanpangenome.org/data/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/data_collections/HGSVC2
https://github.com/lh3/bwa
https://github.com/lh3/bwa
https://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/
https://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/
https://github.com/HipSTR-Tool/HipSTR-references/raw/master/human/
https://github.com/HipSTR-Tool/HipSTR-references/raw/master/human/
https://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/simpleRepeat.txt.gz
https://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/simpleRepeat.txt.gz

Kosugi and Terao Genome Biology ~ (2025) 26:246 Page 20 of 35

alignment-based method. One of the duplicates with a variant length ratio of 0.8-1.25
was removed from the selected TR-CNVs, and for each TR sites, variants that were only
supported by less than half of the 250 bp calls detected by the TR-CNV detection tools
used in this study were manually visually inspected (see the following section), resulting
in the removal of 451 variants and correction of 346 TR sites. In addition, 37 TR-INSs
whose INS sequences consisted of less than 50% of the TR repeat units were classified
as non-TR-INS. additional 107 non-TR-INSs were selected from the GIAB HG002 TR
variants, which do not have a TRFrepeat tag and are located within the refTR20-10000
reference TR regions. The resulting HG002 reference TR-CNV data consists of 3109 250
bp TR-INSs, 2416 250 bp TR-DELs, and 144 250 bp non-TR-INSs at 4746 TR sites.

Reference datasets for SVs outside TR regions

The reference SVs outside TR regions for NA12878 were based on the long read-based
haplotype-resolved HGSVC variant data [50] (GRCh38-based, variants_freeze4_sv_ins-
del_alt.vcf.gz), which was obtained from http://ftp.1000genomes.ebi.ac.uk/voll/ftp/
data_collections/HGSVC2/release/v2.0/integrated_callset/. The variants corresponding
to NA12878 were extracted from the vcf file. The reference SV dataset for HG002 was
based on the GIAB Tierl v0.6 benchmarked SV sets [54], which was obtained from ftp://
ftp-trace.ncbi.nlm.nih.gov//ReferenceSamples/giab/release/AshkenazimTrio/HG002_
NA24385_son/NIST_SV_v0.6/. SVs of <50 bp were removed from the GRCh37-based
HGO002 SV set. Since the number of true SVs was still insufficient in these reference SV
sets, we supplemented them with the high-confidence SVs that were shared among mul-
tiple long read-based detection tools. To do so, we detected SVs from GRCh37-based
and GRCh38-based HiFi long-lead WGS data using nine long read-based SV detection
algorithms (cuteSV, dysgu, NanoVar, pbsv, Sniffles2, SVDSS, SVIM, SVision-pro, and
TRsv), and selected SVs that were commonly detected by at least four tools. The selec-
tion of commonly called SVs was based on breakpoint (BP) distances of =200 bp and
length ratio of 0.5-2.0 for INS and 250% reciprocal overlap for the other types. The SV
genotype shared by the most tools at a given site was used as the reference genotype,
but if there were two top genotypes shared by the same number of tools, the genotype
was considered undefined. The high-confidence SVs selected for NA12878 and HG002
were merged without redundancy with the GRCh38-based HGSVC reference SV set and
the GRCh37-based GIAB SV set, respectively. Variants within the TR regions (refTR20-
10000 and >10 Kb TR regions of simpleRepeat.txt) were removed from the two refer-
ence SV sets, resulting in total SVs of 8224 for NA12878 and 8342 for HG002.

Simulated TR-CNV datasets

Three sets of simulated diploid genomes were created using GRCh38 chromosome 1
(chrl) to simulate TR-DELs, TR-INSs, and non-TR-INSs. A total of 1000 simulated TR-
DELs of 60 bp, 100 bp, 200 bp, 500 bp, and 1000 bp were introduced on diploid chrl in a
4:4:3:2:2 ratio. The simulated TR-DELs were made within randomly selected TR regions
from refTR20-10000.b38, with a heterozygous to homozygous ratio of 2:1, a repeat unit
size of 2—-100, and a TR region size of 2100 bp. Similarly, a total of 1000 simulated TR-
INSs of 60 bp, 100 bp, 200 bp, 500 bp, 1000 bp, and 2000 bp were introduced on diploid
chrl in a 4:4:3:2:2:1 ratio. The simulated TR-INSs were made within randomly selected
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TR regions from refTR20-10000.b38, with a heterozygous to homozygous ratio of 2:1,
a repeat unit size of 2-50, and a TR region size of 250 bp. The sequences of TR-INSs
consisted of copies of the genome sequences of the selected TR sites. To mimic multiple/
split TR-CNV alignments often observed in real TR sites, 100 (10%) variants each of the
simulated TR-DELs and TR-INSs were split into two segments, each half the size, and
inserted into the selected TR sites. In the non-TR-INS simulation, 500 transposable ele-
ment insertions and 500 tandem repeat insertions different from the repeat unit of the
TR site being inserted were inserted into the diploid chrl. The retro-transposable ele-
ments (300 of 2200 bp ALUs, 100 of 21 Kb LINE1s, and 100 of 21 Kb SVAs) were ran-
domly selected from the RepeatMasker file obtained from UCSC (https://hgdownload.
soe.ucsc.edu/goldenPath/hg38/database/rmsk.txt.gz). The other 500 non-TR-INSs were
generated as in the same manner as the simulated TR-INSs, but their sequences were
created by converting A, C, G, and T in the TR repeat unit of the inserted TR site to
C, A, T, and G, respectively. Exceptionally, the dinucleotide repeat units of TG and CA
were converted to AA and GG, respectively. In all the three simulated genomes, 0.1% of
SNVs were introduced at randomly selected positions with a heterozygous to homozy-
gous ratio of 2:1. Simulated PacBio HiFi long reads were generated with the created dip-
loid chromosome 1 using a Badread long read simulator [55] with options, —quantity 20x
—length 20,000,2000 —error_model pacbio2021 —qscore_model pacbio2021 —identity
30,3. Each simulated long read data were aligned against the GRCh38 chrl using Mini-
map2. Non-overlapping 984 TR-DELs, 992 TR-INSs, and 996 non-TR-INSs were used to
evaluate the TR-CNV detection tools.

Variant calling

The tools used to detect TR-CNVs, SVs, and indels and their commands, options, and
filtering conditions are described in Additional file 3: Supplementary Note. As input
alignment files, all tools used bam files aligned to the GRCh37 (hs37d5.fa) and GRCh38
(GRCh38_full_analysis_set_plus_decoy_hla.fa) references with decoy sequences. For
tandem-genotypes (v1.9.2) [28], maf files created with the LAST alignment tool and
long read data were used. The other TR-CNV detection tools, including TRsv, were run
with simulated or HG002 GRCh38-based bam files using the corresponding TR refer-
ence file. For RepeatHMM-Scan (v2.0.3) [26], only TRs with a repeat unit size of 1-15 bp
were used, meeting the execution requirements of RepeatHMM. TRsv was run with the
default options, except that the minimum size of TR-CNV/SV options was 3 for HiFi-
var3, 20 for R59-var20, or 50 for HiFi-var50. The main default options of TRsv (v1.1) are
minimum mapping quality of 1, minimum number of TR-CNV-supporting reads of 3
(5 for non-HiFi reads), minimum number of SV-supporting reads of 2 (3 for non-HiFi
reads), minimum ratio of TR-CNV-supporting reads to read depth of 0.15, and mini-
mum ratio of SV-supporting reads to read depth of 0.05. SV calling and indel calling
were performed using cuteSV (v1.0.13) [35], Dysgu (v1.3.10) [36], NanoVar (v1.4.1) [37],
pbsv (v2.8.0, https://github.com/PacificBiosciences/pbsv), Sniffles2 (v2.2) [38], SVDSS
(v1.0.5) [39], SVIM (v2.0.0) [40], SVision-pro (v2.4) [56], PEPPER (r0.8) [43], GATK4
(v4.1.2) [44], and TRsv (v1.1), and only the variants outside the TR regions were used for
evaluation. To detect fragmented TR-CNVs, bam alignment files of PacBio HiFi reads
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were created using Minimap2 (v2.24) [32], NGM-LR (v0.2.7) [33], and Winowmap2
(v2.03) [34].

Evaluation of TR-CNV detection tools

To evaluate the performance of TR-CNV detection tools, including tandem-genotypes
(v1.9.2), RepeatHMM (v2.0.3), PacMonSTR (v1.0), Straglr (v1.5.3), LongTR (v1.1),
TRGT (v1.5.1), TREAT (v1.0.0), and TRsv (v1.1), we used long-read simulation data and
real HG002 long-read data, which contained 250 bp TR-CNVs and non-TR-INSs. The
simulated PacBio HiFi long read data for the simulated TR-CNV-containing GRCh38
chrl genomes were prepared as in the previous section. The TR-CNV detection tools
were run with the simulated and real long read alignment data and the corresponding
reference TR bed files, and the resulting TR-CNV calls were evaluated with the corre-
sponding TR-CNYV reference data. For each reference TR region, the call was considered
as TP when the length ratio of the called TR-CNV (INS or DEL) to the matched refer-
ence TR-CNV (INS or DEL) ranged from 0.8 to 1.25 for the simulated data and 0.67 to
1.5 for the real data (the evaluation parameters were summarized in Additional filel:
Table S5). In the evaluation for non-TR-INS data, INSs called as standard INSs (non-TR-
INSs), which had no “TR:CNV” tag in the fifth column of the output vcf file, were evalu-
ated as TP for the TRsv tool, while for the other tools, TPs were considered when the
called INS sequence was found to contain only less than 50% reference repeat content.
For LongTR, variants with INEXACT_ALLELE tag in the output vcf file were considered
as TP for non-TR-INS data. Precision and recall for each type of TR-CNV were deter-
mined by dividing the total number of TP calls by the total number of calls and by the
reference variants, respectively.

Evaluation of short indel detection tools

To compare TRsv performance to PEPPER or GATK4, <100 bp indels shared between
the tools were determined using PacBio HiFi long read and Illumina short read WGS
data of NA12878. The indels tested were limited to those outside the TR regions of the
reference TR data (refTR20-10000). Two insertions (inss) from two tools were consid-
ered shared when the distance between the two inss was within 10 bp and the length
ratio of the two inss was between 0.5 and 2. For =3 bp inss, when the distance of two
inss was within 3 bp and the difference in length was 0 bp or 1 bp, they were considered
shared. Two deletions (del) from the two tools were considered shared based on the cri-
terion of 250% reciprocal overlap. For<3 bp dels, they were considered shared when
the distance of the two dels was =2 bp. Unique indels not shared between the tools were
extracted from each tool’s call set. To estimate the precision of indels in the unique call
sets, 100 inss and 100 dels were randomly selected from the unique call set and manu-
ally validated by visual inspection with the IGV viewer (see the following section). The
number of TP calls determined in the validation test was used to estimate the precision
of unique calls for each type.

Evaluation of SV detection tools
SV detection tools, including cuteSV, dysgu, NanoVar, pbsv, Sniffles2, SVDSS, SVIM,
SVision-pro, and TRsv, were evaluated using the SV reference datasets of GRCh38-based
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NA12878 and GRCh37-based HG002. Using PacBio HiFi long read WGS data of
NA12878 and HG002 and Nanopore long read WGS data of HG002, INSs, DELs, and
DUPs were called with each tool, and 250 bp SV calls with>2 supporting reads out-
side the TR regions (refTR20-10000 and >10 Kb TR regions of simpleRepeat.txt) were
used for evaluation. When two SVs from the same SV call set were located within 200
bp for INSs (within 0.1 x length for DELs) and the length ratio of these SVs was between
0.9 and 1.11, only one of them was used for evaluation. INS calls were considered TP
when the distance of an INS call and a reference INS was =100 bp and the length ratio of
these two INSs was between 0.67 and 1.5 (the evaluation parameters were summarized
in Additional filel: Table S5). INSs, especially small INSs, may involve tandem duplica-
tion, in which case the first or second BP of the DUP is assigned as the INS BP, depend-
ing on the tool. For this reason, the threshold of INS distance was set to 100 bp, which
is relatively large for long read-based detection tools. The other types of SV calls were
considered TP based on the criterion of 250% reciprocal overlap between the call and
reference SVs. DUP calls were added to INS calls with the first BP of DUP as the BP of
INS, since DUP is a type of INS and some long read-based SV detection tools do not or
rarely call DUP. Precision and recall of each type of SV were determined by dividing the
total number of TP calls by the total number of calls and by the number of the reference
SV, respectively. Precision for SV genotype was determined using SVs that matched the
reference SVs. When the genotype of the called SV was equal to the genotype of the
matched reference SV, the called genotype was considered true. When the matched ref-
erence SV genotype was undefined (i.e.,./.), the called genotype was excluded from the
genotype evaluation test. Genotype precision was determined by dividing the number of
true genotypes by the number of tested SVs with matched reference SVs.

Validation of variants by manual visual inspection

In some analyses, the detected variants were validated by manually observing evidence
supporting the presence of the variant in the HiFi long-read alignment using the IGV
viewer (https://igv.org). For the curation of the HG002 reference TR-CNV data (see Ref-
erence TR-CNV data section in Methods), when the ratio of the length of TR-INS or
TR-DEL in the data to the length of the variant observed in the long-read alignment
(supported by at least three reads) was 0.67 and 1.5, the TR-CNV was considered as
matched variant. When the alignment corresponding to a TR-INS or TR-DEL was frag-
mented within the TR region, the sum of the lengths of multiple INSs or DELs was con-
sidered the size of TR-CNV at the TR site. For the short indel call validation (Fig. 5), we
validated 100 inss and 100 dels that were randomly selected from a non-shared unique
call set between the two tools with NA12878 PacBio HiFi long-read alignment data. The
variants observed in the alignment had to be supported by at least two reads. The crite-
ria for determining TP were the same as the criteria for determining the variants shared
between two short indel detection tools (see the previous section), and the confidence
intervals were determined as in [57]. In the validation of the SV calls for TRsv (Addi-
tional file 1: Table S3), the variants observed in the alignment had to be supported by at
least three reads. The criteria for determining TP were the same as for the evaluation of
SV detection tools (see the previous section). In the validation of the DUP calls (Addi-
tional file 1: Fig. S2), for a DUP to be considered a TP, the read alignment corresponding
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to a DUP call had to have read coverage of at least 1.2-fold the read coverage of the flank-
ing regions and have at least two read alignments around the first and second BPs of the
DUP, each with 5”-clipped and 3’-clipped ends, respectively. Alternatively, if an INS of
0.8 or more times the size of the DUP call was observed within the DUP region in the
long-read alignments, the call was considered TP.

TRsv algorithm

An overview of the TRsv algorithm is shown in Fig. 2. TRsv calls TR-CNVs within TR
regions and SVs and short indels outside TR regions separately. The main input files
include a bed file specifying TR regions and a BAM/CRAM alignment file of PacBio
HiFi, PacBio CLR, and ONT Nanopore long reads. The absolute values described in
this section are the default values, and many of them can be specified with the options
of TRsv. A minimum size of variants is specified with “min_str_len” for TR-CNV and
“min_len” for indel/SV. Secondary alignment reads, reads with mapping quality 0, and
reads with <200 bp (500 bp for non-HiFi reads) mapping length were filtered by default.
Read depths were calculated for every 50 bp, and average read depths per chromosome
were also calculated. When the ratio of read depth to the mean read depth in an align-
ment region was greater than 15, the variants in that alignment region were removed.
Based on the TR regions specified in a bed file, read alignment regions were separated
into TR and non-TR regions, and TR-CNVs inside the TR regions and SVs/indels out-
side the TR regions were detected separately.

TR-CNV data collection

INSs and DELSs 0.8 times “min_str_len” within TR regions were collected from each read
using the CIGAR strings in the alignments. When 250% length of the DEL overlapped a
TR region, the DEL was considered a TR-DEL. An INS was considered a TR-INS when
it was located within a TR region or its 20 bp flanking regions since INSs located in
close proximity to a TR region were often repeat expansion of the TR unit. Fragmented
variants were often observed within a TR region of a single read alignment. Therefore,
when multiple INSs or DELs were present in the same read within a TR region, these
fragmented variants were integrated into a single variant by summing the lengths of the
variants. If both INS and DEL were present in the same read within a TR region, the sum
of positive length of INSs and the negative length of DELs was calculated and the abso-
lute value of the sum was taken as the size of the integrated variant. Because soft-clipped
ends of read alignments near the boundaries of a TR region suggest the duplication of
that entire TR region, those clipped-end points were also collected.

TR-CNV allele definition

The INS and DEL data collected within TR regions were clustered based on their size:
two variants of the same type were classified to the same cluster when the ratio of their
lengths was between 0.91 and 1.1 for HiFi data (0.67 and 1.5 for non-HiFi data). The
number of reads supporting the clustered variants was determined for each cluster
as “READS” and the ratio of READS to total reads in the TR region as “VRR” A TR
region was considered to contain the DUP of the entire TR region when there were
5’- and 3’-clipped ends with 20.15 VRR at the 5’- and 3’-boundaries of a 2200 bp TR,
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respectively, and the read depth of the TR region was>1.2-fold greater than those of
the flanking regions. The TR-DUP copy number was calculated based on the ratio of
the TR read depth to the flanking read depth, named “DPR;” and classified to an INS
cluster whose INS length was the TR length multiplied by the DUP copy number. If the
standard < 20 Kb DEL or <20 Kb DUP spanned a TR region, a TR-DEL or TR-INS allele
corresponding the TR region size was assigned. When a variant was shared between
overlapping TR regions, it was moved to a matched cluster with the highest number of
supporting reads in either TR region. Clustered variants with <3 READS (<5 READS for
non-HiFi reads) or <0.15 VRR were removed. If there was a single cluster in a TR region,
that cluster was defined as a TR-CNV allele. If there were multiple clusters in a TR
region, the top two clusters with the highest READS were defined as TR-CNV alleles.

TR-CNYV classification and copy number determination

To examine if the INSs detected within TR regions were INSs of mobile elements (MEs),
the sequences of TR-INS alleles, excluding alleles defined as TR-DUP and their TRs with
TE homology, were searched for ME sequences using the yass pairwise sequence align-
ment tool [52] with the command, yass —O 10 —m 15. If the INS was a sequence merged
from fragmented INSs, each fragmented INS was searched for MEs. The ME reference
set, which was provided as an external fasta file, included ALU, LINE], and SVA. A TR-
INS was classified as a standard INS with ME INS annotation when the length of the
alignments between the INS and an ME was 260% of the INS length, 2160 bp for ALU,
2800 bp for SVA, and 2800 bp for LINE1. The TR-INSs with no similarity to MEs were
examined to see if the INS sequence was composed of TR repeat units. For TRs with<5
bp unit sizes, we determined the sequence content in the INS sequences that matched
the sequence patterns of the repeat unit exactly (e.g., AGC, GCA, and CAG for a AGC
unit) and allowed 1 bp mismatch for unit sizes of 2-4 bp to match those sequence
patterns. When the sequence of the matched regions was<50% of the INS length or
had <70% identity, the INS was classified as a standard INS with TR annotation. For TRs
with 25 bp unit sizes, the TRF tandem repeat finder [58] and Multalin pairwise aligner
[59] were used to determine the sequence content in an INS sequence that had homol-
ogy to the repeat unit sequence. TRF was conducted with the following command: trf
“INS_seq” 27 7 80 10 “min_score” 2000 -d -1 1 -h -ngs, where “INS_seq” is a query INS
sequence and “min_score” is 10, 20, 30, or 50 for <30 bp, 30—49 bp, 50-99 bp, or > 100 bp
INSs, respectively. When a repeat unit sequence from the TRF output contained the TR
unit or vice versa, the content of the sequence corresponding to the repeat was deter-
mined. Multalin alignment was conducted between the INS sequence and the TR unit
sequence. The sequence content in the INS sequence of the TR unit with 270% identity
in the Multalin alignments was determined. The better result between TRF and Multalin
search results was adopted. If the INS was a sequence derived from fragmented INSs,
each fragmented INS was searched for the unit sequences and the sum of the lengths of
the matched sequences was determined. When the TR unit content in the INS sequence
was 250% of the INS sequence length, the TR unit copy number was calculated by divid-
ing the INS length corresponding to the TR unit content by the TR unit size. If the con-
tent of TR unit in the INS sequence was <50% of the INS sequence length or the TR
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unit copy number was <0.02, the TR-INS allele was classified as a standard INS with TR

annotation.

SVs and short indels outside TR regions
(1) INS detection.

Proximal INSs outside TR regions aligned in the same read were merged using one
of the parameters (conditions: 1-4) shown in Additional filel: Table S6, depending on
the distance and length of the two INSs. The position of the merged INSs was assigned
to that of the longest INS. The INS data from all reads were combined and INSs at the
same position were assigned as the same INS allele when the length ratio of two INSs
was between 0.59 and 1.7. In the combined INS data, adjacent INSs from different reads
were integrated as the same allele using one of the parameters (conditions: 6—9) shown
in Additional filel: Table S6, depending on the distance and length ratio of the two
INSs. Large INSs supported only by clipped alignments were also detected. The 5’- and
3’-clipped ends of alignment reads located within 50 bp were clustered separately and
the clustered 5”- and 3’-clipped ends were used as the 5'- and 3’-BPs of an INSS, respec-
tively. INSs with a distance of up to 10 Kb between the 5’- and 3'-BPs were allowed.
INSs with a distance between their two BPs contained a duplication(s) of the sequence
between the BPs with>1 DPR and were assigned as INSs with DUP annotations. When
there was only one clip end support on either BP for a BP-supported INS, such INSs
were excluded. When there was unbalanced clipped-end supports in a BP-supported
INSS, such that the ratio of 5'- and 3’-clipped ends was greater than threefold, such INSs
were excluded. All INSs with <2 READS (<3 READS for non-HiFi reads) or <0.05 VRR
were removed.

(2) DEL detection.

Proximal DELs outside TR regions aligned in the same read were merged when the
distance between DELs was<500 bp and smaller than 0.5 times the length of both
DELs. The DEL data from all reads were combined, and DELSs at the same position were
assigned as the same DEL allele when the length ratio of two DELs was between 0.59
and 1.7. In the combined DEL data, adjacent DELs from different reads were integrated
as the same allele using one of the parameters (conditions 10—12) shown in Additional
filel: Table S6, depending on the distance and length ratio of the two DELs. Large DELs
supported by clipped supplementary alignments of the same reads were also detected.
The 3’- and 5’-clipped read ends located within 100 bp (50 bp for<1 Kb DEL and 150
bp for>10 Kb DEL) were clustered separately and the clustered 3~ and 5’-clipped ends
were used as the 5'- and 3"-BPs of a DEL, respectively, and the distance between the BPs
was defined as the DEL length. When a BP-supported DEL had only one clip end sup-
port on either BP or the DPR exceeded 0.85, such DELs were excluded. All DELs with <2
READS (<3 READS for non-HiFi reads) or <0.05 VRR were removed.

(3) DUP detection.

DUPs were detected using both long read split alignment and read depth (DPR) infor-
mation. DUPs outside TR regions that were supported by clipped supplementary align-
ments of the same reads were detected. The 5”- and 3’-clipped read ends located within
100 bp (50 bp for <1 Kb DUP and 150 bp for > 10 Kb DUP) were clustered separately and
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the clustered 5'- and 3’-clipped ends were used as the 5'- and 3'-BPs of a DUP, respec-
tively, and the distance between the BPs was defined as the DUP length. DUPs with <2
supporting clipped ends at the either BPs, with <0.05 VRR, with<1.1 DPR, with <100 bp
BP distance, or with > 10 Mb BP distance were excluded. When a DUP had only one clip
end support on either BP, a DPR less than 1.1, or a VRR less than 0.05, such DUPs were
excluded.

(4) INV detection.

INVs outside TR regions that were supported by clipped supplementary alignments
of the same reads were detected. When two alignments of opposite strands of the same
read had a distance between 5’(3")-clipped ends, the two clipped ends were used as the
BPs of an INV, and the distance between the BPs was defined as the INV length. The 5-
and 3’-clipped read ends located within 50 bp were clustered separately. When an INV
had only one clip end support on either BP, when the VRR was less than 0.05, or when
the BP distance was less than 100 bp or larger than 50 Mb, such INVs were excluded.

(5) Machine learning-based filtering of SVs from non-HiFi reads.

SV call sets from PacBio CLR or Nanopore long reads contained many more FP calls
than the call set from PacBio HiFi reads due to the high error rate of these reads. To pre-
dict whether an SV called with non-HiFi long reads is true or false, we used a machine
learning strategy that exploits several characteristics of called SVs. SV calls of 10 sam-
ples each for PacBio CLR and Nanopore were divided into TP and FP call by using the
HiFi read SV calls of the same sample as reference true SVs. Seven SV characteristics
were collected for each TP and FP SV call site, including READS, VRR, SV length, read
depth, mapping quality, and standard deviations of SV position and size from each read
derived from the called SV. The collected data was used as training datasets with its TP
and FP categories for the gradient boosting machine learning. Machine learning mod-
els for classifying true and false SVs were created using the xgboost R package (https://
cran.r-project.org/web/packages/xgboost/index.html) and the PacBio CLR and Nano-
pore training datasets. The SV types were limited to INS and DEL due to the limited
amount of data used for training. When evaluated on the NA12878 test data and the
training data excluding NA12878 data, the prediction accuracies for DEL and INS were
0.87 and 0.71 for Nanopore and 0.8 and 0.95 for PacBio CLR, respectively. SVs predicted
as FP in the xgboost model were filtered out in the final stage of TRsv. The precision
and recall of INSs and DELs for NA12878 and HGO002 before and after the filtering are
shown in Table 2.

Sequence annotation of INSs outside TR regions

INSs outside TR regions were examined for ME insertion, duplication of the flanking
regions, or simple tandem repeats. First, sequence similarity to ME sequences was exam-
ined for 290 bp INSs, as described in the section of TR-CNV classification. INSs with
significant similarity to an ME sequence were annotated as ME INSs. Second, sequence
similarity between 220 bp INSs and their INS flanking sequences was examined using
the yass aligner with the command, yass -O 10 -m 15. Flanking sequences 1.2 times
longer than an INS were taken from both sides of the INS position. INSs with signifi-
cant similarity to the flanking sequences were annotated as INS-DUPs, along with the
matched length and direction. For non-ME INSs, the tandem repeat content in the INS
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sequences were tested using TRE, as described in the TR-CNV classification section. For
INSs with 250% tandem repeat content, a 100 bp region around the INS location was
examined for overlap with any of reference TR regions. If there was an overlap with a
reference TR region and the INS repeat unit was similar to the repeat unit of the refer-
ence TR region, the INS was assigned as a TR-INS with the annotation of the matched
TR ID. When there was no overlap with the reference TRs and the repeat content in the
INS sequence was 250%, the INS was annotated as a tandem repeat INS, which was dif-

ferent from the reference TRs.

Low confident variant annotation

Two categorized low confident annotations, LowConf and LowQual, were added to the
FILTER field of a final output vcf file. LowConf was annotated to a variant that over-
lapped with the low-confident regions provided by an external file. In this study, vari-
ants that overlapped with low-quality-mapping regions observed in>10 Kb TR regions
were annotated as LowConf variants. LowQual was annotated to the variant with a high
percentage of reads with mapping quality 0 (MQO) supporting the variant. This class of
variants may be low-quality variants in regions where read mapping is difficult although
reads with MQO were not used for variant calling by default. When the ratio of MQO
variants to the sum of MQO and non-MQO variants (SAR) exceeded 0.6, the correspond-

ing variant was annotated as a LowQual variant.

Gene annotation

Information on gene regions that overlap with TR-CNV/SV sites can be added in the
INFO field of the vcf file, as described in our previous study [60] The gene informa-
tion used in this study was based on Homo_sapiens. GRCh37.87.gff3 obtained from
the Ensembl site, which contained 20,356 protein-coding genes and 21,555 non-coding
genes.

Genotyping

TR-CNVs and SVs were genotyped based on VRR and DPR. For INS and INV, variants
with<0.7 and 20.7 VRR were considered heterozygous and homozygous alleles, respec-
tively. For TR-CNYV, multi-allelic variants were considered heterozygous, and variants
with<0.7 and 20.7 VRR were considered heterozygous and homozygous alleles, respec-
tively. For <500 bp DELs, DELs with 20.7 VRRs or 2100 bp DELs with £0.1 DPR were
considered homozygous allele; other DELs were considered heterozygous allele. For
2500 bp DELs, DELs with<0.2 DPR or 20.7 VRR were considered homozygous allele,
and DELs with 0.2-0.4 DPR or<0.7 VRR were considered heterozygous allele. For BP-
supported DELs, DELs with £0.1 DPR or 20.7 VRR were considered homozygous allele,
and other DELs were considered heterozygous allele. For DUPs with 1.5 DPR, DUPs
with 20.8 VRR were considered homozygous allele, and all others were considered
heterozygous allele. For DUPs with>1.5 DPR, DUPs with 20.7 VRR were considered
homozygous allele, and all others were considered heterozygous allele.
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Joint calling of variant call sets from multiple samples

Joint calling of multi-sample TR-CNV/SV vcf files was based on the method described
in our previous study [60]. TR-CNVs and SVs were joint-called separately. Overlap-
ping SV sites from multiple samples were clustered primarily by the following criteria:
280% reciprocal overlap for DELs, DUPs, and INVs, and =200 bp BP distance for INSs.
Clustering was done by stepwise merging of closer sites for each SV type. Two adjacent
INSs were assigned to the same cluster according to the length, length ratio, and dis-
tance of the two INSs. For each INS cluster, when the ratio of maximum to minimum
INS size exceeded 1.8, the INS cluster was further divided into several clusters based on
size. When an INS of a sample was located within 50 bp of the BPs of a BP-supported
INS of another sample and the ratio of the two INS lengths (or INS BP distance) was
between 0.5 and 2, these two INSs were assigned to the same cluster. When the BP of a
BP-supported INS were located within 50 bp of either BP of a DUP cluster, the INS was
assigned to the DUP cluster. When an INS was located between the two BPs of a DUP
and the ratio of the INS and DUP lengths was between 0.8 and 1.2, the INS was assigned
to the DUP cluster. Median values of SV position and size and mean values of READS,
VRR, DPR, and SAR were added to the POS and INFO fields of the output vcf file. For
TR-CNYV, the minimum and maximum lengths of TR-INS and/or TR-DEL, as well as TR
ID and TR unit size, were added to INFO fields of the output vcf file. The variant gen-
otype, length, READS, VRR, and/or TR-CNV unit copy number for each sample were
added to the FORMAT field of the output vcf file.

Enrichment analysis of TR-CNVs in gene regions

TR regions in the reference TR bed file and HiFi-var3/-var50 vcf files were annotated
for overlapping regions (CDS/exon, UTR, intron, and flanking regions) of a total 20,356
protein-coding genes and 23,564 non-coding genes, excluding pseudogenes. When a
TR overlapped with multiple regions of a gene, the region in the top hierarchy (CDS/
exon>UTR >intron > flanking) was selected. The gene flanking regions, flank1Kb and
flank5Kb, were annotated for TRs overlapping the regions within 1 Kb and 5 Kb from
the terminal exons of a gene, respectively. The intergenic region was defined as the
region that does not overlap any gene regions including flank5Kb. The OD for TR-INS
and TR-DEL occurrences in a gene region was calculated for the occurrence of non-
variable TRs in the corresponding gene region. Alternatively, ODs for the occurrence
of non-variable TRs and TR-CNVs in CDSs, UTRs, or introns were calculated for the
occurrence of TRs and TR-CNVs in intergenic regions. For the analysis for triplet motifs
of TR-CNVs, the frequency of 20 triplet sets with 1 bp shifts (e.g., CCG and CGC, and
GCC for a CCG set) overlapping with the CDS, 5’-UTR, and intron of the protein-cod-
ing genes was determined. The triplet motifs overlapping the gene regions on the oppo-
site strand were reverse complemented. As a control, 3-mer frequencies in each CDS,
5-UTR, and intron of the protein-coding genes were counted in a strand-dependent
manner. The OD for the occurrence of the triplet motif set of TR-CNVs in each gene
region was calculated for the frequency of the 3-mer corresponding to the triplet motif
set in the corresponding gene region.
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Enrichment analysis of TR-CNVs in functional genomic regions

Functional genomic data used in this study included human ancestor quickly evolved
regions (HAQER) [45], evolutionarily conserved regions (phastCons), open chroma-
tin regions (ATAC-seq), enhancer sequences (VISAT-Enh), TF-binding sites (TF-BS
and TF-FP), and promoters in bivalent chromatin states (TssBiv). The HAQER data
was obtained at https://www.vertgenlab.org/haqer2022.html. phastCons and VISAT-
Enh files were downloaded from https://bds.mpi-cbg.de/hillerlab/120MammalAlignm
ent/Human120way/data/conservation/ and https://enhancer.lbl.gov, respectively. The
phastCons data was converted to hgl9 coordinates with liftOver. The ATAC-seq data
for the NA12878 lymphoblastoid cell line was obtained at the NCBI GEO (GSE47753:
https://www.ncbi.nlm.nih.gov/geo/) [61]. The TF-BS data was derived from Chip-seq
data of 87 TFs from the NA12878 lymphoblastoid cell line, which was obtained from
GREAP (http://www.liclab.net/Greap/view/index) [62]. The TF-FP data was 4.6 M
consensus TF footprints from 243 biosamples by genomic DNasel footprinting exper-
iments [63]. The TssBiv data was obtained at http://www.roadmapepigenomics.org/.
The Chip-seq data included DNA replication origins (RepOrigin) [64], DNA break
sites upon ATR checkpoint kinase inhibition (BrITL) [46], and DNA damage response
factors (ATM, MCM2, MCM7, NBN, RAD51, and XRCC3). The RepOrigin and BrITL
Chip-seq data were obtained at the NCBI GEO site (RepOrigin: GSE128477, BrITL:
GSE115623), and the coordinates of RepOrigin were converted to hgl9-based ones
with liftOver. The ATM, MCM2, MCM7, NBN, RAD51, and XRCC3 Chip-seq data
were obtained from ENCODE (https://www.encodeproject.org) and converted to
hg19 coordinates with liftOver. The ATM data was derived from the Hep G2 human
hepatoma cell line, and the MCM2/7 and XRCC3 data were derived from the K562
leukemia cell line. The NBN and RAD51 data were mixed data from NA12878 and
K562 cell lines. Other Chip-seq data (Chip-538) for 538 proteins from NA12878 or
K562 cell lines were also obtained from ENCODE and converted to hgl9 coordinates
with liftOver.

To determine the enrichment of TRs (including polymorphic TR-CNVs) and TR-
CNVs that overlap with genomic elements, we performed permutation tests using simu-
lated genomic elements. The TR regions were restricted to those with a TR size range
of 100-5000 bp. The overlaps between TR regions and genomic elements were deter-
mined using central 100 bp regions of the TR regions and central 200 bp regions of the
genomic elements to reduce the size bias of TR-CNVs, which had larger TR sizes than
non-variable TRs. A simulated genomic element dataset for each genomic element data
was created by sampling an equal number of genomic elements from random locations
in the GRCh37 genome excluding gap regions. The overlaps between the 200 bp regions
of the simulated genomic elements and the central 100 bp regions of TR regions were
counted. The permutation tests were repeated 1000 times to obtain the mean overlap
count for each experiment. In the enrichment test with the Chip-538 data, non-variable
TRs and TR-CNVs that overlapped with the CDSs, UTRSs, introns, and flank5K regions
of protein-coding genes were used and 200 permutation tests were performed. ORs for
the TRs/TR-CNVs overlapping genomic elements were calculated using TRs/TR-CNVs
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overlapping the corresponding simulated elements, along with their confident intervals
and p values in the Fisher exact test.

Identification of eTR-CNVs associated with gene expression

A total of 59 RNA-seq data with matched PacBio HiFi or PacBio CLR WGS data were
obtained from HGSVC. The paired-end RNA-seq reads for each sample were aligned
with STAR against the GRCh37 reference, and gene-based count data were obtained
using RSEM (rsem-calculate-expression command with —star and —paired-end
options) [65]. The gene count data from 59 samples were merged using a rsem-gener-
ate-data-matrix command of RSEM, and genes with a maximum count of< 10 in the
merged data were filtered out. The count data were normalized by trimmed mean of
M values (TMM) using the edgeR R package [66]. The TMM counts were further nor-
malized with a rank-based inverse-normal transformation (INT), which normalized
the residuals obtained by regressing gene count data on sex and super population as
covariates. To obtain TR-CNV data for the RNA-seq samples, 220 bp TR-CNVs were
detected using TRsv from 59 bam files of the corresponding samples and annotated
for overlapping genes, including exons, introns, and flanking regions within 100 Kb
of the terminal exons. The rationale of selecting the 100 Kb flanking region was that
most of the expression quantitative traits (eQTLs) are observed within 100 kb of the
transcription start sites [67]. The TR sites where less than 5 samples had TR-CNVs
were removed. The copy number of repeat unit of TR-CNVs was represented with
positive and negative values for TR-INSs and TR-DELSs, respectively. The correlation
between the TR-CNV copy number and the normalized gene expression level was
evaluated by linear regression test. A total of 59,959 TR-CNVs were tested, yielding
179,872 associations. Since many TR-CNV sites and genes had multiple associations
with shared genes or shared TR-CNVs, two eTR-CNV sets, a site-based eTR-CNV
set with non-redundant TR sites and a gene-based eTR-CNV set with non-redundant
genes, were created by selecting the eTR-CNV with the lowest p value from shared
TR sites or genes. eTR-CNVs were ranked based on p values determined by the lin-
ear regression tests and fractionated by 10% or 20%. The top 10th percentile of gene-
based and site-based eTR-CNVs contained 2452 and 5988 eTR-CNVs, respectively.

Association test between eTR-CNVs and traits

A total of 37 common disease-associated and 109 quantitative trait (QT)-associated
genes were collected from the GWAS catalog (gwas_catalog_v1.0.2-associations_e109_
r2023-03-03.txt), obtained at https://www.ebi.ac.uk/gwas/. The GWAS-genes whose
associated regions were only intergenic regions were excluded, and traits with at least
100 associated genes were selected. To examine the association of eTR-CNVs with
trait-associated genes, 17,160 €eTR-CNVs that overlapped the transcribed regions of the
protein-coding genes and the flanking regions within 100 Kb of their terminal exons
were selected from 24,512 gene-based TR-CNVs that were tested for association with
gene expression. The 17,160 eTR-CNVs were sorted in descending order of p value and
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fractionated by 20%. The ORs of eTR-CNVs in each percentile fraction overlapping with
the trait-associated genes against the eTR-CNVs in the lower 20th percentile overlap-
ping with the trait-associated genes were determined for each trait, along with the confi-
dent intervals and p values in the Fisher exact test. As controls, all genes for 37 diseases
or for 109 QTs were tested for the association with €eTR-CNVs. As another control, a
permutation test was performed on 800 non-redundant genes randomly selected from
20,356 protein-coding genes to test for their association with eTR-CNVs. The mean OR
obtained by repeating the permutation test 1000 times was determined for each trait.
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