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ABSTRACT

Variable Number Tandem Repeats (VNTRs) are tan-
dem repeat (TR) loci that vary in copy number across
a population. Using our program, VNTRseek, we an-
alyzed human whole genome sequencing datasets
from 2770 individuals in order to detect minisatellite
VNTRs, i.e., those with pattern sizes ≥7 bp. We de-
tected 35 638 VNTR loci and classified 5676 as com-
monly polymorphic (i.e. with non-reference alleles
occurring in >5% of the population). Commonly poly-
morphic VNTR loci were found to be enriched in ge-
nomic regions with regulatory function, i.e. transcrip-
tion start sites and enhancers. Investigation of the
commonly polymorphic VNTRs in the context of pop-
ulation ancestry revealed that 1096 loci contained
population-specific alleles and that those could be
used to classify individuals into super-populations
with near-perfect accuracy. Search for quantitative
trait loci (eQTLs), among the VNTRs proximal to
genes, indicated that in 187 genes expression differ-
ences correlated with VNTR genotype. We validated
our predictions in several ways, including experi-
mentally, through the identification of predicted alle-
les in long reads, and by comparisons showing con-
sistency between sequencing platforms. This study
is the most comprehensive analysis of minisatellite
VNTRs in the human population to date.

INTRODUCTION

Over 50% of the human genome consists of repetitive DNA
sequence (1,2) and tandem repeats (TRs) comprise one such
class. A TR consists of a pattern of nucleotides repeated two
or more times in succession. TR loci are defined by their

position on the genome, the sequence and length of their
repeat unit, and copy number.

TRs are commonly divided into three classes based on
pattern size: short tandem repeats (STRs), or microsatel-
lites, with pattern lengths of six or fewer base pairs (bp),
minisatellites with patterns ranging from seven to several
hundred bp, and macrosatellites with patterns from hun-
dreds to thousands of bp (3,4). This study focuses on the
TR minisatellite class, which comprises more than a million
loci in the human genome.

Many TRs appear to be monoallelic with regard to copy
number. However a significant fraction exhibit copy num-
ber variability in the population and these variant TR
loci are called Variable Number Tandem Repeats (VN-
TRs). Changes in VNTR copy number have been pro-
posed to arise by slipped strand mispairing (5–7), unequal
crossover (8,9), and gene conversion (8,10).

VNTRs are highly mutable, with germline mutation rates
estimated between 10−3 and 10−7 per cell division (11–15).
This mutation rate, which far exceeds that of SNPs, makes
VNTRs useful for DNA fingerprinting (16–18). VNTRs
have also been predicted to have high heterozygosity, rang-
ing from 43% to 59% (19), and the copy numbers of several
VNTR loci have been shown to be population-specific in
humans (20,21), suggesting that these VNTRs may be use-
ful for population wide studies.

More than half of previously identified human VNTR
loci (22) are located near or within genes (23), and so their
potential effects on gene expression or protein products
are substantial. Indeed VNTRs have been associated with
changes in levels of gene expression (24), including tissue
specific expression (25,26).

Minisatellite VNTRs have been proposed to regulate
genes in several ways. In promoters, they can carry bind-
ing sites for transcription factors such as NF-�B and
myc/HLH (27,28), permitting copy number to affect tran-
scription factor binding and therefore level of transcrip-
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tion (29–32). VNTRs in introns have been shown to con-
tain enhancer sequences (33–35) or to cause differential
splicing (36,37). VNTRs in exons can also affect transcrip-
tion (38,39) and the stability or translation rate of the re-
sulting proteins (40).

Microsatellites have been extensively studied (41–45) and
linked to various diseases and cancer (46–49). For exam-
ple, in Ewing sarcoma, the EWS-FLI fusion protein acti-
vation of enhancer regions at GGAA microsatellite repeats
contributes to tumor development (50–52) and repression
of these enhancers impairs tumor growth (51).

Furthermore, minisatellite VNTRs have been associated
with a variety of diseases (53–55), including neurodegen-
erative disorders such as Alzheimer’s disease (36,56,57)
and Huntington’s disease (28,58), and other psychiatric
conditions, such as PTSD (59), ADHD (60,61), depres-
sion (62) and addiction (63). VNTRs have been shown to
be risk factors in various cancers (64–74) and have been
linked to cancer prognosis and outcome (75–80). Commer-
cial cancer diagnosis kits using minisatellite VNTRs have
been introduced (81) and it has been proposed that VNTRs
associated with cancers be used for targeted sequencing in
personalized therapies (82–84).

VNTRs have been proposed as drivers of phenotypic
variation in evolution (85–87). For example, an exami-
nation of functional enrichment in genes containing TRs
or VNTRs, in both humans and apes, found that genes
with ape-specific TR variability were associated with the
senses of taste and smell, while genes with human-specific
TR variability or human-specific copy number were associ-
ated with neurogenesis and neural development. These re-
sults suggest that VNTR polymorphisms may help account
for ‘human-specific cognitive traits’ (24). Additionally, the
Eichler group (87) has examined TR loci on human and ape
genome assemblies from PacBio sequencing data and iden-
tified 1584 human-specific VNTR loci with 52 as candidate
regions associated with disease.

Despite their biological significance, until recently, rel-
atively few human minisatellite VNTRs have been identi-
fied and studied in detail. The ever–increasing availability
of accurate whole genome sequencing (WGS) data, how-
ever, provides extensive opportunity for high throughput,
genome-wide VNTR genotyping. Further, the emergence of
PCR-free WGS datasets is reducing locus selection bias and
enabling better filtering of false positive VNTR variants.

Nonetheless, genotyping variability in repeat sites re-
mains challenging (88,89). Although a number of tools have
been designed to detect microsatellite copy number vari-
ability such as lobSTR (90), popSTR (91), hipSTR (92),
GangSTR (93) and ExpansionHunter (94), only two high-
throughput tools are available for minisatellite genotyping.
The adVNTR tool (95) trains a Hidden Markov Model
(HMM) for each VNTR locus of interest and has been used
to predict variability in 2944 VNTRs intersecting coding re-
gions.

VNTRseek (96), developed in our lab, uses the Tandem
Repeats Finder (TRF) (97) to detect and characterize TRs
inside reads and then maps read TRs to TRs in a refer-
ence set. Because it builds pattern profiles before mapping,
VNTRseek is robust in the presence of SNPs and small in-
dels. While VNTRseek has high precision, it has two ma-

jor limitations. It only detects minisatellites which contain
a minimum of 1.8–1.9 pattern copies (depending on pat-
tern length), a limitation from the Tandem Repeats Finder
(TRF) software, and the tandem array, plus short flanking
sequences, must fit completely inside a read. This means
that arrays longer than the read length cannot be detected.
Given these limitations, the results we report underestimate
the true polymorphic nature of minisatellite TRs.

In this paper, we present the most comprehensive catalog
of minisatellite VNTRs in the human genome to date, pool-
ing results for WGS datasets from 2770 individuals, pro-
cessed with VNTRseek on the GRCh38 human reference
genome. We report a large collection of previously unknown
VNTR loci, find that many VNTR loci and alleles are com-
mon in the population, show that VNTR loci are enriched
in gene and regulatory sequences, provide evidence of gene
expression differences correlated with VNTR genotype and
evidence of population-specific VNTR alleles.

MATERIALS AND METHODS

Datasets

Datasets comprising 2801 PCR-free, WGS samples from
2,770 individuals were used in this study (Table 1): 30 in-
dividuals from the 1000 Genomes Project Phase 3 (98), in-
cluding the Utah (CEU) and Yoruban (YRI) trios (mother-
father-child); 2,504 unrelated individuals mostly overlap-
ping with the 1000 Genomes Project, recently sequenced
at >30× coverage by the New York Genome Center
(NYGC); 253 individuals from the Simons Genome Di-
versity Project (SGDP) (43), seven individuals sequenced
by the Genome in a Bottle (GIAB) Consortium (99), in-
cluding the Chinese (HAN) and Ashkenazi Jewish (AJ)
trios and NA12878 (with ID HG001); two ‘haploid’ hy-
datidiform mole cell line genomes, CHM1 (100) and
CHM13 (101); tumor/normal tissues from two unrelated
individuals with breast cancer (breast invasive ductal car-
cinoma cell line/lymphoblastoid cell line) from the Illu-
mina Basespace public WGS datasets (102); and the AJ
child sequenced with PacBio Circular Consensus Sequenc-
ing (CCS) reads (103). Duplicates of 27 genomes were
present in two datasets, 1000 Genomes and NYGC. One of
these, NA12878, was also included in the GIAB dataset.

Overall, read coverage ranged from approximately 27×,
in the PacBio sample to 333×, in the GIAB Chinese child.
Besides the PacBio data, reads consisted of three lengths,
100/101 bp (257 samples), 148/150 bp (2508 samples), and
250 bp (35 samples). All data were downloaded as raw fastq
files, except for the PacBio data which were obtained as a
BAM file with reads aligned to GRCh37. SRA links to the
data are given in Table 4.

The majority of the analyses in this paper were performed
on the 2504 genomes from NYGC. The 253 genomes from
SGDP provided insight into under-represented popula-
tions. The 27 genomes duplicated in the 1000 Genomes and
NYGC datasets were used to measure consistency across
sequencing platforms. The trios from the 1000 Genomes
(CEU and YRI) and GIAB (AJ and Chinese HAN)
datasets were used for analyzing Mendelian inheritance.
The cancer datasets were used to find possible changes in
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Table 1. Data

Data source Read length (bp) Read coverage Samples in set Ref.

1000 Genomes Phase 3 HC Yoruban (YRI) trio 250 71–73× 3 (98)
Utah (CEU) trio 250 55–63× 3
Others 250 33–66× 24

New York Genome Center
(NYGC)

150 29–101× 2504 *

Simon’s Genome Diversity Project
(SGPD)

100 33–133× 253 (43)

Genome In A Bottle (GIAB) Ashkenazi Jewish (AJ) trio 250 61–69× 3 (99)
Chinese (HAN) trio 148/250 111–333× 3
NA12878 (HG001) 148 291× 1

Haploid genomes CHM1 148 40× 1 (100)
CHM13 250 128× 1 (101)

Illumina basespace Tumor/Normal 101 38–88× 4 (102)
PacBio Ashkenazi Jewish (AJ) child ∼13 500 27× 1 (103)

2801 publicly available WGS samples, for 2770 individuals, were used in this study. Read coverage was calculated as the product of the number of reads and
the average read length, divided by the haploid genome size, as in the Lander/Waterman equation (104). All coverage values are approximate. The 1000
Genomes Phase 3 samples were released in 2015. The NYGC samples were released in 2020 by the New York Genome Center (NYGC). For the Simons
Genome Diversity Project (SGDP), released in 2016, only datasets which were not present in the the 1000 Genomes datasets were used. The PacBio data
were used only for comparison and validation purposes but not for our VNTR results.*These data were generated at the New York Genome Center with
funds provided by NHGRI Grant 3UM1HG008901-03S1.

VNTRs in tumor tissues. The PacBio data were used for
validation purposes only.

Curating the reference TRs

The 22 autosomes and sex chromosomes from the human
reference genome GRCh38 were used to produce a refer-
ence set of TRs in TRDB (105) with the TRF software and
four quality filtering steps as described in (96). In addition,
centromere regions were excluded from the reference set.
These filtering tools are available online in TRDB. Start-
ing with 1 199 362 TRs found by TRF, we curated a filtered
reference set with 228 486 TRs. Using VNTRseek, we clas-
sified the TRs into two subcategories, singletons and in-
distinguishables (Supplementary Section S2.1). A singleton
TR appears to be unique in the genome based on a com-
bination of its repeat pattern and flanking sequence. An in-
distinguishable TR belongs to a family of genomically dis-
persed TRs which share highly similar patterns and flanking
sequence and may therefore produce misleading genotype
calls. Indistinguishable TRs (total 37 200 or about 16% of
the reference set) were flagged. Simulation testing revealed
that some singletons produced false positive VNTRs. To
minimize this issue, an additional filtering step was added to
eliminate problematic singleton loci from the reference set
(see Supplementary Section S2.2 and Supplementary Ma-
terial Reference TRs.txt for the reference sets).

We assumed that genotyping was possible for a reference
TR locus, given a particular read length, if the TR array
length plus a minimum 10 bp flank on each side, would fit
within the read. The number of reference TR alleles that
could be genotyped using each of the read lengths in our
data is summarized in Supplementary Table S1.

Genotyping TRs and VNTRs

Each dataset was processed separately with VNTRseek us-
ing default parameters: minimum and maximum flanking

sequence lengths of 10 and 50 bp, respectively, on each side
of the array, and requiring at least two reads mapped with
the same array copy number to make an allele call. Output
from VNTRseek included two VCF files containing geno-
type calls, one reporting all detected TR and VNTR loci,
and the other limited to VNTR loci only. (A locus was con-
sidered a VNTR if a non-reference allele was detected.) The
VCF files contained two specialized FORMAT fields: SP,
for number of reads supporting each allele, and CGL, to
indicate genotype by the number of copies gained or lost
with respect to the reference. For example, a genotype of
0 indicated detection of only the TR reference allele (zero
copies gained or lost), while 0, +2 indicated a heterozygous
locus with a reference allele and an allele with a gain of two
copies.

To remove clear inconsistencies, for this study we filtered
the VCF files to remove per sample VNTR loci with more
alleles than the expected number of chromosomes. The fil-
tering criteria for these loci, termed multis is detailed in Sup-
plementary Section S2.3. After multi filtering, a TR locus
was labeled as a VNTR if any remaining allele, different
from the reference, was observed in any sample.

Experimental validation

Accuracy of VNTRseek genotyping was experimentally
tested for 13 predicted VNTR loci in the Ashkenazi Jewish
(AJ) trio. The following DNA samples were obtained from
the NIGMS Human Genetic Cell Repository at the Coriell
Institute for Medical Research: NA24385, NA24149 and
NA24143 (also identified as GIAB IDs HG002, HG003 and
HG004). Selection criteria required that the PCR product
was not contained in a repeat region, unique primers could
be designed, the primer-defined allele length difference was
between 10% and 20% of the longest allele, and the primer-
defined GC content was between 40% and 60%. Given these
criteria, we prioritized VNTRs in genes and regulatory re-
gions which might be of interest to researchers. Primers were
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designed with Primer-BLAST (106) and used to amplify the
VNTR loci from the genomic DNA of each individual us-
ing the following reagents: 0.2 �l 5 U/�l DreamTaq DNA
Polymerase (ThermoFisher Scientific), 4.0 �l 10× Dream-
Taq Buffer (ThermoFisher Scientific), 0.8 �l 10mM dNTP
mix (ThermoFisher Scientific), 3.2 �l primer mix at a final
concentration of 0.5 �M, 1.6 �l genomic DNA (40 ng), and
30.2 �l nuclease-free water. PCR cycling conditions were as
follows: 30 s at 95◦C, 30 s at 56–60◦C, 20 s at 72◦C, for 30 cy-
cles, with an initial denaturation of 3 min at 95◦C and a final
extension of 7 min at 72◦C. The resulting amplicons were
run on a 2% agarose gel at 100 V for 2 h and visualized with
UV light using Ethidium Bromide. A complete list of loci
and primers is given in the Supplementary Material as Ex-
periment primers.txt.

In addition, VNTRseek predictions in the NA12878
genome were compared to experimental validations in
the paper describing the adVNTR software (95). We
had three datasets for NA12878: HG001 (148 bp) from
GIAB, NA12878 (150 bp) from NYGC and NA12878
(250 bp) from 1000 Genomes. The adVNTR predictions
used GRCh37 coordinates which were converted using the
UCSC liftover tool (107) to coordinates to GRCh38.

Validation using long reads

Aligned PacBio reads for the AJ child (GIAB ID HG002)
were processed to validate VNTRseek predictions. The read
sequences were extracted from the BAM file and mapped
back to the GRCh38 genome using BWA MEM default
settings (108). Using bedtools (109), the reads aligning to
each TR reference locus were extracted. For each read, a lo-
cal wraparound dynamic programming alignment was per-
formed using the reference pattern and the same scoring pa-
rameters used to generate the reference set (match = +2,
mismatch = −5 and gap = −7). The number of copies of
the pattern in the resulting alignment was then determined
and compared with the VNTRseek predictions. If the differ-
ence between a PacBio copy number in at least one read and
the VNTRseek copy number was within ±0.25 of a copy, we
considered the VNTRseek allele to be validated.

Measuring consistency of Mendelian inheritance

A locus on an autosomal chromosome is consistent with
Mendelian inheritance if the genotype of a child can be ex-
plained as one allele from the mother and one from the fa-
ther. Genotype consistency was evaluated for all mother-
father-child trios, i.e. the AJ, CEU, HAN and YRI trios.
We evaluated loci defined by several increasingly stringent
criteria: both parents heterozygous, all members of the trio
heterozygous, all members of the trio heterozygous and with
different genotypes. These criteria were selected to avoid
false interpretations of consistency.

TR loci on the X and Y chromosome of male children
were also selected for evaluation when both the son and the
appropriate parent had a predicted genotype. In these cases,
inheritance consistency means a son’s X chromosome allele
is observed on one of the mother’s X chromosomes, and
a son’s Y chromosome allele is observed on the father’s Y
chromosome.

Measuring allele consistency across platforms

VNTR calls were compared for each of 27 genomes that
were represented twice, once in the 1000 Genomes dataset,
sequenced in 2015 on an Illumina HiSeq2500 with 250 bp
read length and once in the NYGC dataset, sequenced in
2019 on an Illumina NovaSeq 6000 with 150 bp read length.
The two platforms have different error profiles.

Because read length and coverage differed among
datasets, for each pairwise comparison, we only consid-
ered loci that were genotyped in both samples and classi-
fied as VNTR in at least one. We extracted the non-reference
VNTR alleles (detected in at least one sample) and com-
puted consistency as the ratio of the size of the intersection
set of those alleles (found in both platforms) over the size
of their union (found in either). For alleles detected in the
250 bp reads, we only counted those that could have been
detected in the shorter 150 bp reads. Reference alleles were
excluded to avoid inflating the ratio.

Common and private VNTRs

To classify commonly polymorphic VNTRs (hereafter
‘common VNTRs’) and private VNTRs, we used results
from the NYGC dataset (2504 individuals) as the read
length and coverage were comparable across all genomes.
Additionally, these genomes contain no related individu-
als and represent a wide set of populations (26 populations
from five continents). Loci were classified as common VN-
TRs if non-reference alleles were identified in at least 5%
(126) of the individuals and classified as private VNTRs if
non-reference alleles were identified in less than 1% (25).

Annotation and enrichment

Annotation based on overlap with functional genomic re-
gions was performed for the reference TR loci. Genomic
annotations for GRCh38 were obtained from the UCSC
Table Browser (110) in BED format. Known gene tran-
scripts from GENCODE V32 (111) were used along with
tracks for introns, coding exons, and 5

′
and 3

′
exons. Reg-

ulatory annotations included transcription factor binding
site (TFBS) clusters (112,113) and DNAse clusters (114)
from ENCODE 3 (115), and CpG island tracks (116), com-
prising 25%, 15% and 1% of the genome, respectively. Bed-
tools (109) was used to find overlaps between TR loci and
the annotation features. Any size overlap was allowed.

LOLAweb (117) was used to determine VNTR enrich-
ment for genomic regions in comparison to the background
TR annotations, and common and private VNTR enrich-
ment in comparison to all VNTR annotations. TRs on the
sex chromosomes were excluded in the background set. To
identify gene and pathway functions that could be affected
by common VNTR copy number change, genes with ex-
ons or introns overlapping with common VNTRs were col-
lected and their enrichment computed using GSEA (118)
for Gene Ontology (GO) terms (119) for biological process
and KEGG pathways (120) with FDR P-value < 0.05.

Association of VNTR alleles with gene expression

To detect expression differences among individuals with dif-
ferent VNTR genotypes, mRNA expression counts from
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lymphoblastoid cell lines of 660 individuals by the Geu-
vadis consortium (Accession: E-GEUV-1) were down-
loaded (121). A total of 445 individuals overlapped with the
2504 NYGC genomes set. We paired VNTR loci with genes
within 10 kb, and extracted the genotypes for each individ-
ual at those VNTRs. When no genotype was observed for
an individual, we classified the genotype as other. We did
this because we assumed that the alleles were outside the de-
tection range, given that genotypes were observed in other
individuals with similar coverage. VNTR loci were retained
for analysis if at least two genotypes were detected for that
VNTR across all individuals (at least three if other was one
of the genotypes) and if each genotype was observed in at
least 20 individuals. Genes were excluded from analysis if
the median TPM (transcripts per kilobase million) expres-
sion value equaled zero.

To control for confounders we used covariates for
sex and population structure and detected additional
hidden covariates using Iteratively Adjusted Surrogate
Variable Analysis (IA-SVA) (122) on the log2 normal-
ized TPM values. For population structure we used
the top five principal components determined from a
principal components analysis of the informative SNP
genotypes from the 445 individuals as reported by the
1000 Genomes project (http://ftp.1000genomes.ebi.ac.uk/
vol1/ftp/release/20130502/supporting/hd genotype chip/).
Using IA-SVA and observing that covariates sixteen
and above were over 85% correlated with other co-
variates (Supplementary Figures S22–S24), we chose
fifteen hidden factors to include in our model. Fi-
nally, we used a linear regression expression ∼
sex + population PC As + hidden f actors with the
log2 normalized TPM values to extract residuals to be used
in the downstream association model.

For each gene-VNTR pair, we used a one-way ANOVA
test as residuals ∼ genotype to detect if the mean of any
genotype class was different from the others. The P-values
of the ANOVA tests were adjusted using FDR. Any gene–
VNTR pair with FDR <0.05 was reported. For significant
eQTLs, we calculated, for reporting purposes, the maximum
difference of the residual means over all pairs of genotype
classes.

To associate eQTLs with histone marks or open chro-
matin, we downloaded narrow peaks data in GRCh38 in
bed format from 14 experiments on histone marks and
one on DNAse hypersensitive sites from the GM12878
(B-lymphocyte) cell line from the ENCODE project (123)
(source IDs are given in Supplementary Table S13). Any
overlaps of peaks with the eQTL VNTRs were reported.

Population-specific alleles

The 2504 genomes in the NYGC dataset consisted of 26
populations of individuals with ancestry from five super-
populations: African, American, East Asian, European,
and South Asian. To investigate the predictive power of
common VNTRs with regard to super-population member-
ship, Principal Component Analysis (PCA) clustering was
applied. For each sample, a vector of common loci alleles
showing presence/absence (1/0) was produced. Uninforma-
tive alleles (that were not present in at least 5% of the sam-

Table 2. TRs and VNTRs detected, by dataset. TRs genotyped is the num-
ber of distinct TR loci genotyped across all individuals within a dataset.
(All other numbers are also per dataset.) Multis are TR loci genotyped
in a single individual with more than the expected number of alleles. They
could be artifacts or indicate copy number variation in a genomic segment.
Multis were excluded from further analysis on a per sample basis. VNTRs
detected is the number of TR loci, excluding multis, with a detected allele
different from the reference

Dataset Samples
TRs

genotyped Multis
VNTRs
detected

1000 Gen. 30 178 395 366 8761
NYGC 2504 177 612 1181 33 403
SGDP 253 156 803 221 9944
GIAB 7 178 804 239 6736
CHM1 1 159 563 175 1118
CHM13 1 170 805 632 1977
Tumor-
Normal

4 150 531 21 1291

Totals 2800 184 315 - 35 638

ples) were removed and principal components (PCs) calcu-
lated over the resulting vector set. Using a 70% training to
30% testing split of the data, a decision tree based on the
first 10 PCs was trained using 10-fold cross validation and
then validated on the testing data.

In order to find super-population markers among the
common VNTRs, a one-sided Fisher’s exact test was used
to calculate the odds ratio and P-value of each allele being
in one super-population versus being collectively in all the
others. We only considered alleles over-represented rather
than both over- and under-represented because of an inter-
est in identifying alleles that have a phenotypic effect. Odds
ratio values were log2 transformed and P-values were ad-
justed for false discovery rate (FDR) (124). Any allele with
FDR <0.05 and log2(odds ratio) >1 was chosen as a signif-
icant marker for that population.

RESULTS

In this section, we start with a summary and characteriza-
tion of our VNTR predictions, followed by identification of
commonly polymorphic VNTRs and an enrichment analy-
sis of their association with genomic functional regions and
genes sets. We next report on the effect of VNTRs on expres-
sion of nearby genes, and then identify population-specific
VNTR alleles and show that they are predictive of ancestry.
We conclude this section with evidence confirming the ac-
curacy of our predictions using several validation methods.

About one in five minisatellite TRs are variable in the human
population

WGS datasets from 2770 human genomes were analyzed
with VNTRseek to detect VNTRs. Overall, 184 315 out of
191 286 singleton reference TR loci (∼96%) were genotyped
across all samples (Table 2) while 5% of the loci had TR ar-
rays too long to fit within the longest reads and could only
be genotyped if they lost a sufficient number of copies.

A total of 5 198 392 loci with non-reference alleles were
detected, corresponding to 35 638 (∼19%) distinct VNTR
loci, indicating wide occurrence of these variable repeats.
Their occurrence within genes was common, totaling 7698

http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/supporting/hd_genotype_chip/
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protein coding genes, and 3512 exons. The resulting geno-
types were output in VCF format files (see Data Availability
Section) and summarized for each genome (Supplementary
Material Summary of results.txt). A website is un-
der development to view the VNTR alleles (http://orca.bu.
edu/VNTRview/).

The number of TRs genotyped and VNTRs detected depends
on coverage and read length

To determine the effect of coverage and read length on geno-
typing, we measured two quantities: the percentage of refer-
ence singleton TRs that were genotyped, and the total num-
ber of singleton VNTRs that were detected in each genome.
Only singleton loci were considered in all further analyses.
Figure 1A shows that there was a strong positive correlation
between coverage and the ability to genotype TRs. A strong
correlation with read length was also apparent, however, the
effect was larger, primarily due to the ability of longer reads
to span, and thus allow VNTRseek to detect, longer TR
arrays. These results suggest that our VNTR numbers are
undercounts.

VNTR detection was similarly dependent on coverage
and read length, as shown in Figure 1B. However, detec-
tion was also positively correlated with population, which
seemed likely due to the evolutionary distance of popula-
tions from the reference genome, which is primarily Euro-
pean (125). For example, in the 250 bp trios with compara-
ble coverage, the African Yoruban genomes (YRI) had the
highest number of VNTRs detected, followed by the Ashke-
nazi Jewish genomes (AJ), and finally, the Utah genomes
(CEU). Notably, within each trio, the VNTR counts were
similar.

The ‘haploid’ genomes CHM1 (150 bp) and CHM13
(250 bp) had greatly reduced VNTR counts relative to
genomes with similar coverage and read length. This was
because in these genomes, which consist of two copies of an
underlying haploid genome, the single allele represented at
any VNTR locus would frequently be a reference allele and
so the locus would not be called as a VNTR.

More than two alleles are common in VNTRs

Two alleles were detected in the majority of VNTR loci
across all datasets (Figure 1C). However at 10 698 loci
(29%), three or more alleles were detected. In a substan-
tial number of loci (5395), the reference allele was never
seen, but in only 105 of these (2%) was the reference al-
lele in the VNTRseek detectable range for the 150 and
100 bp reads, which made up the bulk of our data. In-
terestingly, in 1166 loci, the reference allele, although de-
tectable, was not the major allele (Supplementary Material
Major genotypes.txt).

Loss of VNTR copies relative to the reference is more com-
mon than gain

Overall, VNTRseek found approximately 1.8-fold more al-
leles with copy losses (3 444 128), with respect to the refer-
ence copy number, than gains (1 958 250). Loss of one copy
(2 263 608) was the most common type of VNTR polymor-
phism (Figure 1D). Although there were allele lengths that

VNTRseek could not detect, this bias persisted even when
restricting the loci to only those where gain and loss could
both be observed (Supplementary Figure S5). The over-
abundance of VNTR copy loss may actually be an underes-
timate. Since VNTRseek required a read to span a TR array
for it to be detected, gain of one copy would have been pos-
sible in approximately 68%, 82% and 92% of loci for sam-
ples with read lengths of 100, 150 and 250 bp, respectively.
By contrast, the reference locus needed to have a minimum
of 2.8 copies for a loss of one copy to be observed by TRF,
and only 16% of the reference loci met this criterion. Higher
observed copy loss could be explained by a bias in the refer-
ence genome towards including higher copy number repeats
(126), or by an overall mutational preference for copy loss.

VNTRs have high heterozygosity

High heterozygosity in human populations suggests higher
genetic variability and may have beneficial effects on a range
of traits associated with human health and disease (127).
Since calculating heterozygosity for VNTRs is not straight-
forward (because of limitations on discovering alleles, espe-
cially within shorter reads), we used the percentage of de-
tected, per-sample heterozygous VNTRs as an estimate for
heterozygosity. At read length 250 bp, per-sample heterozy-
gous VNTR loci comprised approximately 46–55% of the
total, which is comparable to previous theoretical estimates
of 43–59% (19). At shorter read lengths, the bottom of the
range extended lower (∼38–57% for 150 bp reads, ∼29–51%
for 100 bp reads, Supplementary Figure S1), as expected,
because longer alleles were undetectable if they did not fit
within a single read.

Interestingly, despite the previous comment, within
genomes that were comparable in read length and cov-
erage, the fraction of heterozygous loci clustered within
populations (Supplementary Figures S2–S4), with African
genomes generally having more heterozygous calls and East
Asians fewer. This result is consistent with previous find-
ings of population differences in SNP heterozygosity among
Yoruban and Ashkenazi Jewish individuals with respect to
European individuals (128,129), and suggests higher ge-
nomic diversity among African genomes, as has been previ-
ously noted (130).

Loss of heterozygosity observed in tumor samples

A significant loss of heterozygosity (LOH) was observed in
predicted VNTRs of one of the tumor tissues compared to
its matching normal tissue (sample ID HC1187). The per-
centage of heterozygous VNTRs was roughly double in the
normal tissue (∼38% versus ∼19%) (Supplementary Tables
S2 and S3). Extreme loss of heterozygosity in small vari-
ants has previously been reported in these samples by Il-
lumina Basespace (131) with the number of heterozygous
small variants in HC1187 being four times lower in the tu-
mor tissue compared to the normal. Taken together, these
results suggest that VNTR LOH could be linked to tumor
progression.

Additionally, in both tumors a large number of loci exhib-
ited loss of both alleles in comparison to the normal tissue
(Supplementary Table S2). Given that the coverage for the

http://orca.bu.edu/VNTRview/
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Figure 1. (A) TR Genotyping sensitivity. Graph shows the relationship between coverage, read length, and the percentage of TRs in the reference set
that were genotyped. Each symbol represents a single sample and specific samples are labeled. Increasing read length had the largest effect on sensitivity
because many reference TR alleles could not be detected at the shorter read lengths (see Supplementary Table S1). (B) VNTRs detected. Graph shows the
relationship between coverage, read length, and the number of VNTR loci detected. Read length and coverage both had large effects. Coloring of symbols
shows that population also had a strong effect, reflecting distance from the reference, which is primarily European. Note the reduced numbers for CHM1
(150 bp) and CHM13 (250 bp). Because they are ‘haploid’ genomes, parental heterozygous loci with one reference allele would appear to be VNTRs, on
average, only about half the time. (C) Alleles detected per locus. Each bar represents a specific number of alleles detected across all datasets. Coloring shows
that proportion of loci where the reference allele was or was not observed. (D) Copies gained or lost. Each bar represents a specific number of copies gained
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Bar height is number of loci with that sample support. Red line indicates the 5% cutoff for common loci (126 samples).

tumor samples was significantly higher than for the normal
tissue, it is unlikely that these observations were due to ar-
tifacts. Also, the tumor samples did not show a higher per-
centage of filtered multi VNTRs (too many alleles) than the
normal samples (1.37% and 1.23% in normal tissue versus
1.72% and 1.71% in tumor tissue).

Knowledge of gene associations with somatic tumor
mutations (VNTR alleles present in a tumor, but not
normal tissue) could be useful as indicators of can-
cer prognosis and for therapy. In the HC2218 indi-
vidual, somatic tumor mutations overlapped with lncR-
NAs (ACO73336.1, AC107959.2, AL355388.2), introns
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(C3orf67, COX17, DHRS3, DPP6, GAN, PCGF3, RGS12,
SLC25A13, SLC6A19, TACR2, TEPP), and promoter re-
gions (TRIM24, DUSP4). Of these, DHRS3, DUSP4,
GAN, RGS12, and TRIM14 are known oncogenes or
tumor suppressors (as indicated by CancerMine (132)).
TRIM24 has been associated with prognosis in breast can-
cer (133–135) and over-expression of DUSP4 has been
shown to improve the outcome of chemotherapy and over-
all survival (136,137).

In the HC1187 individual, somatic tumor mutations
overlapped with lncRNAs (LINC01708, AC1058290.1,
AC104596.1), exons (THNSL2), introns (AJAP1, SMAD1,
FLT4, PTPN3, ADAMTSL2, ANO2, SOX5, SGCG,
WDR72, NQO1, CCDC200, ARHGAP45, AC005258.1,
PEAK3) and promoters (HFM1, TBK1, GNS, LEMD3,
FGFR3, VIPR2). Of these, AJAP1, FGFR3, GNS, NQO1,
PTPN3, SMAD1, SOX5 and TBK1 are known onco-
genes or tumor suppressors (132). TBK1 and FGFR3 have
been used as treatment targets for HER2+ breast can-
cer (138,139).

Common versus private VNTRs

Following methodology used with SNPs (140), we classified
VNTR loci in the 2504 healthy, unrelated individuals from
the NYGC dataset (150 bp and coverage >30×) as com-
monly polymorphic, or ‘common VNTRs,’ if non-reference
alleles occurred in at least 5% of a population (126 individ-
uals) and as private VNTRs if they occurred in less than 1%
(25 individuals).

We classified 5676 VNTRs as common (17% of the 33
403 VNTRs detected in this population) and 68% as pri-
vate. In each sample, we detected, on average, 1951 VNTR
loci, and among those, 1783 were common VNTRs (me-
dian 1,677) and 46 were private VNTRs (median 17). A to-
tal of 3627 common VNTRs overlapped with 2173 protein
coding genes including 254 exons. Interestingly, increasing
the threshold for common VNTRs did not reduce the num-
ber dramatically (Supplementary Figure S6), suggesting
that these VNTRs have not occurred randomly, but rather
have undergone natural selection. Widespread occurrence
of common VNTRs indicates a fitness for use in Genome
Wide Association Studies (GWAS). A list of common and
private VNTRs can be found in Supplementary Material
Common VNTRs.txt and Private VNTRs.txt.

Common VNTR enrichment in functionally annotated re-
gions

To determine possible functional effects of the common
VNTRs, we classified the overlap of reference TRs with var-
ious functionally annotated genomic regions: upstream and
downstream of genes, 3

′
UTRs, 5

′
UTRs, introns, exons,

transcription factor binding site (TFBS) clusters, CpG is-
lands, and DNAse clusters (Supplementary Material Ref-
erence set.txt).

Our reference TR set comprised only 0.52% of the
genome, however, 49% of human genes contained at least
one TR and 5% of all the TFBS clusters overlapped with
TRs. Moreover, high proportions of our TR reference set
and common VNTRs intersected with genes (63% and 64%,

respectively), TFBS clusters (38% and 51%), and DNAse
clusters (21% and 28%) (Supplementary Table S5).

In comparison to TRs, VNTR loci were positively en-
riched in 1 kb upstream and downstream regions of genes,
5

′
and 3

′
UTRs, coding exons, TFBS clusters, DNAse clus-

ters, and CpG islands (P-values < 0.05) (Supplementary Ta-
bles S4 and S5). The common VNTRs, on the other hand,
compared to all VNTRs, were enriched in 1 kb upstream
regions of genes, TFBS, and CpG islands, suggesting regu-
latory function. Private VNTRs were less likely to occur in
1 kb upstream or downstream regions, inside TFBS clusters,
open DNAse clusters, or CpG islands.

Focusing on the common VNTRs, we used the LO-
LAweb (141) online tool to perform enrichment analysis
with various curated feature sets (Supplementary Figures
S7–S12 in Supplementary Section S5.2), Among the re-
sults, DNAse enrichments by tissue type (142) pointed to
brain, muscle, epithelial, fibroblast, bone, hematopoietic,
cervix, skin, and endothelial (Supplementary Figure S11)
with brain showing up multiple times, consistent with find-
ings in the literature (24). These results suggest that VNTR
alleles may affect gene regulation in multiple tissues.

VNTR genotypes are correlated with gene expression differ-
ences

To detect association between VNTR genotypes and ex-
pression of nearby genes, we paired VNTRs to any gene
within 10 kb and after removing genes with low ex-
pression and controlling for confounders, applied a one-
way ANOVA test to determine if there was a signifi-
cant difference between the average gene expression lev-
els for the VNTR genotypes. A total of 1071 gene-
VNTR pairs were tested and 193 pairs (187 genes, 188
VNTRs) exhibited significant expression differences at
FDR <0.05 (Supplementary Figure S25 and Supple-
mentary Material RNA VNTRs.txt)). The top 10 genes
by mean expression difference were: DPYSL4, KLF11,
B4GALNT3, PIP5K1B, DNAJA4, THNSL2, CD151,
MXRA7, HEBP1 and FARP1. Of these eQTL VNTRs, 47
also exhibited population-specific alleles (next section and
Supplementary Table S15) and 81 overlapped with peaks for
histone marks and DNAse hypersensitive sites (see Supple-
mentary Table S13 and Supplementary Figure S31), a sig-
nificant level of enrichment in these marks (Supplementary
Table S14).

Three of the top genes are shown in Figure 2. Gene
MXRA7 is associated with a VNTR (id 182606303) in
the 5’ UTR exon, DPYSL4 is associated with a VNTR
(id 182316137) in the first intron, and CSTB is associated
with an upstream VNTR (id 182814480). The VNTR re-
gion in MXRA7 is a target site for transcription factors
METTL23 and JMJD6. METTL23 is known to function
as a regulator in the transcriptional pathway for human
cognition (143) and has been associated with mental re-
tardation and intellectual disability (144). JMJD6 is asso-
ciated with pancreatitis (145) and tumorgenesis (146,147).
Copy number expansions in the VNTR upstream of CSTB
have been previously associated with progressive myoclonic
epilepsy (EPM1) (148). For this VNTR, we observed the −1
and 0 alleles (2 and 3 copies, respectively), which are com-
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Figure 2. Gene expression differences and VNTR genotype. Shown are vi-
olin plots of gene expression values (log2 normalized TPM) for three genes
which displayed significant differential expression when samples were par-
titioned by VNTR allele genotype. Additional examples are shown in Sup-
plementary Figures S26–S30. Genotype is indicated in labels on the X-
axis and numbers refer to copies gained or lost relative to the reference
allele. ‘Other’ indicates a partition with undetected alleles presumed out-
side the range of VNTRseek detection (see text). Number of samples in
each partition is shown in parenthesis. In these examples, the effect size
for at least one genotype class was significant. Top: VNTR 182606303
is upstream of MXRA7 and partially overlaps the 5’ UTR exon. Mid-
dle: VNTR 182316137 occurs inside the first intron of DPYSL4. Bottom:
VNTR 182814480 occurs upstream of CSTB.

mon in healthy individuals. However, 201 individuals had
genotypes outside of our detection range which likely rep-
resented longer expansions and these individuals showed
higher expression of this gene. More examples are given in
Supplementary Figures S26–S30.

One in five common VNTR loci have population-specific al-
leles

We further investigated whether VNTR alleles are
population-specific and whether they can be used to predict
ancestry. Understanding the occurrence of population-
specific VNTR alleles will be useful when controlling
for population effects in GWAS, and more generally in
interpreting gene expression differences among people of
different ancestry.

A total of 4605 alleles from the common VNTR loci
were classified as common if they were detected in at least
5% of the population (NYGC). We then constructed a
matrix of presence/absence of each allele by sample and
clustered the samples using Principal Component Analy-
sis. We found that the first, second, fourth, and fifth prin-
cipal components (PCs) separated the super populations
as shown in Figure 3. Each PC captured a small fraction
of the variation in the dataset, suggesting that there was
substantial variation between individuals from the same
population.

The first PC separated Africans, suggesting furthest evo-
lutionary distance. The second PC separated East Asians.
The third PC captured coverage bias. The fourth and fifth
PCs separated South Asians and Americans, respectively.
The American population had a sub-population of Puerto
Ricans that clustered with the Iberian Spanish population,
suggesting mixed ancestry (149). To show the power of these
alleles to predict ancestry, we next trained a decision tree
model (Supplementary Figure S19) using the top 10 PCs
(11% of the total variation) and achieved a recall of >98%
on every population when applied to the 30% test partition
(Supplementary Table S10).

A one-sided Fisher’s exact test was applied to deter-
mine the population-specific VNTR alleles that were over-
represented in one population versus all the others. A to-
tal of 3850 VNTR alleles were identified as population-
specific in one or more super-populations, correspond-
ing to 1096 VNTR loci (Supplementary Figures S20
and S21). The complete list of population-specific alle-
les can be found in Supplementary Material Superpop-
ulation VNTRs.txt. These loci overlapped with 689
genes and 51 coding exons. Africans had the highest num-
ber of population-specific alleles (266), followed by East
Asians (65), while Americans had the lowest (13), suggest-
ing more mixed ancestry. We observed 63 loci that had
a population-specific allele in each population. Figure 4
illustrates seven of the top population-specific loci in a
‘virtual gel’ representation, mimicking the appearance of
bands on an agarose gel for easier interpretation. Forty-
eight genes that displayed expression differences correlated
with VNTR genotype were associated with population-
specific VNTR loci (Supplementary Table S15), including
the VNTR 182316137 associated with the gene DPYSL4,
discussed in the previous section, which exhibited seven dif-
ferent alleles, five of which were population-specific.

Finally, to identify potential functional roles of the
population-specific VNTR loci we performed Gene Set En-
richment Analysis (GSEA) for the associated genes against
the Broad Institute MSigDB (150). Genes overlapping with
the population-specific VNTRs were enriched for Endo-
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cytosis (hsa04144), Fatty acid metabolism (hsa01212), and
Arrhythmogenic right ventricular cardiomyopathy (ARVC)
(hsa05412) pathways (Supplementary Table S12). Among
the GO biological processes affected by these genes were
neurogenesis (GO:0022008; FDR = 3.62e−8), neuron dif-
ferentiation (GO:0030182; FDR = 2.52e−7), and neuron de-
velopment (GO:0048666; FDR = 4.31e−7). These processes
are potentially related to other findings that have linked
VNTRs to neurodegenerative disorders and cognitive abili-
ties (28,36,56–62,151) (Supplementary Material Popula-
tion specific Go BP.xlsx). The GO term behavior
(GO:0007610; FDR = 2.22e−4) was also found, which could
be related to the association of VNTR loci with aggressive
behavior (152–154). Other notable GO terms were regula-
tion of muscle contraction (GO:0006937) and neuromuscu-
lar processes related to balancing (GO:0050885) with FDR
<1%. The genes were also highly enriched in midbrain neu-
rotype cell gene signatures (FDR = 5.49e−25), which might
affect movement and emotions (155–157).

Accuracy of VNTR predictions

To show the reliability of our results, we experimentally val-
idated VNTR predictions at 13 loci in the three related AJ
genomes, and also compared VNTRseek predictions to al-
leles experimentally validated in the literature. We addition-
ally used accurate long reads on one genome (HG002) to
find evidence of the predicted alleles. Separately, we showed
the consistency of our predictions in two ways: first, we
looked at inheritance consistency among four trios (mother,

father, child), and second, we compared result for genomes
sequenced on two different platforms.

Experimental validation. All but one of the 66 predicted
VNTR alleles were confirmed at 13 loci in the three re-
lated AJ genomes (child HG002, father HG003 and mother
HG004). In the remaining case, two predicted alleles were
separated by only 15 nucleotides and could not be distin-
guished. At two loci, other bands were also observed. In
one, all three family members contained an allele outside
the detectable range of VNTRseek (longer than the reads).
In the other, one allele that was detectable was missed in
two family members (see Table 3 for a summary of results,
Supplementary Table S6 for details of the experiment, and
Supplementary Figures S13–S17 for gel images).

We also compared VNTRseek predictions in three
datasets from the NA12878 genome with VNTRs validated
in the adVNTR paper (95). Out of the original 17 VNTR
loci experimentally validated in that paper, four were not
included in our reference set and for one, the matching TR
could not be determined. In total, 11 out of 16 detectable
alleles were correctly predicted, four were not found in the
NA12878 sample with sufficient read size (250 bp), and one
was incorrectly predicted in the HG001 sample and not
found in the other two (Supplementary Table S7).

Validation of predicted VNTRs using long reads. PacBio
Circular Consensus Sequencing reads from the HG002
genome (103), with an average length of 13.5 kb and an
estimated 99.8% sequence accuracy, were computationally
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Figure 4. ‘Virtual gel’ representation of seven population-specific VNTR
alleles. Each dot represents an allele in one sample. Samples are sepa-
rated vertically by super-population. Dots are jiggered in a rectangular
area to reduce overlap. Population-specific alleles show up as bands over-
represented in one population. Numbers and labels at bottom are VNTR
locus ids with nearby genes indicated and the population-specific allele ex-
pressed as copy number change (+1, −2, etc.) from the reference. For ex-
ample, in the leftmost column, the +1 allele was over-represented in the
African population. Note that the allele bias towards pattern copy loss rel-
ative to the reference allele is apparent and that at one locus (second from
left) the reference allele was the population-specific allele since almost no
reference alleles were observed in the four other populations. The details
of these seven loci are given in Supplementary Table S11.

tested to determine if they confirmed VNTRseek predicted
alleles for the GIAB Illumina reads from the same genome.
Overall, >97% of predicted alleles were confirmed, and at
the predicted VNTR loci, >87% of alleles were confirmed
(Supplementary Table S8).

VNTR predictions are consistent with Mendelian inheritance.
We compared the predicted alleles in four trios (CEU and
YRI trios from 1000 Genomes; Chinese HAN and AJ from
GIAB), testing loci on autosomes and X and Y chromo-
somes (see Materials and Methods). In all cases, only a
handful of loci were inconsistent (Supplementary Table S9).

VNTR non-reference allele predictions showed substantial
consistency across platforms. In 2015, the 1000 Genomes
Phase 3 sequenced 30 genomes using Illumina HiSeq2500 at
read length 250 bp. In 2020, 27 of those 30 genomes were re-
sequenced by NYGC using Illumina Novaseq 6000 at read
length 150 bp. Comparing VNTR loci genotyped in both
platforms and only non-reference alleles detectable at both
read lengths, agreement ranged from 76% to 91% (Supple-
mentary Figure S18). When including reference alleles, the
agreement increased to greater than 99%. Note, however,
that read coverage was not the same for both datasets, caus-
ing variation in statistical power.

DISCUSSION

The current study represents, to our knowledge, the largest
analysis of human whole genome sequencing data to de-
tect copy number variable tandem repeats (VNTRs) and
greatly expands the growing information on this class of
genetic variation. The TRs genotyped consisted of some
184 000 minisatellites occupying the mid-range of pattern
sizes, from seven to 126 bp. Our results reveal that nearly
20% (35 828) are variable, exhibiting at least one non-
reference allele, a number much larger than has been gener-
ally understood. Moreover, we have classified a large subset
of these (5676) as common VNTRs, with non-reference alle-
les occurring in >5% of the population. When considering
the largest dataset in our study (2504 individuals), we found
that, on average, each genome exhibited non-reference alle-
les at 1951 VNTR loci and among those, 1783 were common
VNTRs.

In addition to their widespread occurrence, further evi-
dence of minisatellite VNTR importance can be seen in the
enrichment of these loci in genes and gene regulatory re-
gions (promoters, transcription factor binding sites, DNAse
hypersensitive sites, and CpG islands). Our entire set of VN-
TRs overlapped with 7698 protein coding genes and 3512
exons. The common VNTRs occurred within or were prox-
imal to over 2173 protein coding genes, including overlap-
ping with 254 exons. Biological function enrichment among
these genes included neuron development and differentia-
tion, and behavior. Examples include low-density lipopro-
tein receptor-related protein 6 (LRP6), a co-receptor for
Wnt signaling, which is down-regulated in Alzheimer’s dis-
ease and which appears critical for maintaining synaptic
integrity (158); Down syndrome cell adhesion molecule-
like 1 (Dscaml1), which appears essential for development
of GABAergic neurons in the entorhinal cortex (159); and
ZMIZ1, a transcription factor co-activator, for which mu-
tant allele over-expression leads to pyramidal neuron mor-
phology abnormalities (160). These observations are con-
sistent with the finding that VNTR expansions in humans
compared to primates are associated with gain of cog-
nitive abilities (24), and possible involvement of VNTRS
with many neurodegenerative diseases and behavioral dis-
orders (87).

The overabundance of VNTR proximity to genes sug-
gests that variability at these loci could affect gene expres-
sion and indeed, we observed that the expression levels of
187 genes were significantly correlated with the presence of
specific VNTR alleles in lymphoblastoid cell lines of 445
individuals. Others have also recently detected minisatel-
lite VNTR eQTLs. In (25), expression levels in 46 tissues
for 6802 genes were tested and 161 eQTLs were found.
Thirteen of those genes coincided with ones detected in
our study: BPTF, CCDC57, CCDC66, EPDR1, EPS8L2,
LSS, MVB12A, PTPRVP, S100A10, SNAPC1, TMEM52,
TRAPPC2L, ZNF736. Similarly, in (26) 21 VNTRs were
found associated with expression in 38 genes. However, their
VNTR alleles were larger and did not overlap the ones we
tested in this study.

eQTLs have also been found among the variant STR
class. In (161), 2060 genes were found to be affected by
eQTL STRs. In another study (162), 28 375 variant STR
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Table 3. Experimental validation results

VNTRseek predicted Experimental validation

# TR id Pattern size Ref. copies Gene C F M C F M

1* 182316181 105 4 STK32C −2 −2 −2 −2, −1 −2, −1 −2, +1
2 182316985 27 6 LINC01168+ −3, 0 −1, 0 −3, −2 yes yes yes
3 182453735 30 2 DNAJC3 0, +1 0, +1 0, +1 yes yes yes
4 182461997 38 7 RASA3 −5, −4 −5, −4 −5, −2 yes yes yes
5 182493720 70 3 BEGAIN 0 0 0, −1 yes yes yes
6 182515357 34 8 MEGF11 −5 −5, −6 −5 yes yes yes
7 182608886 27 6 RPTOR 0, −2 0, −3 −2, +1 yes yes yes
8 182620950 48 3 RNF138 0, −1 0, −1 0, −1 yes yes yes
9 182982510 34 4 SLC12A7 0, −1 0 0, −1 yes yes yes
10# 183046759 38 4 ARL10 0 0, −1 −1 0, +1 yes −1, +1
11† 183081195 15 4 TENT5A +2, −1 +2, +1 +2, −1 yes +2 yes
12 183117043 17 9 MRM2+, LFNG+ −5, −3 −5, −3 0, −3 yes yes yes
13 183169331 15 4 IRF5 −2 −2, 0 −2 yes yes yes

Thirteen VNTR loci were selected for experimental validation in the AJ trio. All but one of the 66 bands predicted by VNTRseek were validated. †For the
remaining band, the results were questionable because the two predicted alleles for the father were only 15 nucleotides different in length, which was too
close to distinguish in the image. *For all three individuals, the gel contained bands (bold) not predicted (or detectable) by VNTRseek. The extra band for
the son corresponded to the −1 allele as found in the PacBio reads. The father’s extra band appeared to match with the −1 allele. The mother’s extra band
appeared to be a +1 allele. #An extra band for the mother and son (bold) was not predicted by VNTRseek, although it seemed to match the +1 allele that
was detectable. +These VNTRs overlapped regulatory sites that target the given genes.

Table 4. Dataset sources

Dataset (individuals) URL or accession numbers

1000 Genomes phase 3 HC (30) EBI: 1000 Genomes Project
NYGC (2504) Data collection 30X on

GRCh38 ENA project:
PRJEB31736

SGDP (253) IGSR: Data collection SGDP
GIAB (7) NCBI SRA project: SRP047086
CHM1 (1) NCBI SRA: SRX652547
CHM13 (1) NCBI SRA: SRX1009644
Tumor/Normal Pairs (4) Illumina basespace project
PacBio (1) NCBI SRA: SRX5327410

loci were associated with differential expression of 12 494
genes in at least one tissue (FDR < 10%) and 1420 of the
loci were predicted, by CAVIAR (163), to be causal in 17
tissues.

These findings are suggestive, but more study is required,
both to determine if there is more evidence of tissue spe-
cific gene expression variation associated with VNTR geno-
types (25,26,87) and if such correlational differences can be
definitively tied to actions associated with specific VNTR
alleles such as regulator binding affinity changes in regula-
tory regions. For more elaborate studies such as these, it will
be essential that for each sample used to measure gene ex-
pression, the raw whole genome sequencing data be avail-
able, so that specialized software programs, such as VN-
TRseek can be used to determine VNTR genotype.

The frequency of VNTR occurrence and possible ef-
fects on gene expression suggest that minisatellite VNTR
loci could be useful in genome-wide association studies
(GWAS). However, it is well known that hidden differences
can lead to misinterpretation of GWAS results, and care
is particularly important when those differences are tied to
human ancestry. Relevant to this, we have determined that
1096 of the common VNTR loci contain alleles showing
significant population specificity and that these loci inter-

sect with 689 genes. Understanding such hidden variability
will be essential for interpreting GWAS and future studies
should investigate possible haplotype linkages between spe-
cific VNTR alleles and nearby SNP alleles.

Population-specific alleles also have the potential for use
in tracing early human migration. We have shown through
principal component analysis with common VNTR alle-
les that super-populations are easily separated. Further,
we have constructed a decision tree based on common
VNTR alleles that obtains nearly perfect classification of
individuals at the super population level. It will be in-
teresting to see whether, with more information, classifi-
cation can be refined further to encompass specific sub-
populations, whether a minimal minisatellite VNTR set can
be established for high accuracy population classification,
and whether VNTR alleles can be used to estimate mixed
ancestry as is done now with SNP haplotyping.

Despite the high precision of VNTRseek, (see Supple-
mentary Figure S32 and Supplementary Table S16– S20)
our curation of VNTR loci has certainly produced an un-
dercount. This is true because VNTRseek requires that
the tandem array fit within a read. Longer reads will
help, but the abundance of high-coverage. low-error, long-
read datasets is currently limited. Alternate methods ex-
ist (87,95), but these have not reported an ability to han-
dle macrosatellite VNTRs where the arrays and patterns are
hundreds to thousands of base pairs long. For this range of
the tandem repeat spectrum, new tools must be developed.

Another limitation comes from use of the Tandem Re-
peats Finder, which requires that the array contain at least
1.9 copies to be detected. At read length 150 bp, which in-
cluded the majority of our samples, a gain of one copy com-
pared to the reference genome could be detected in 82% of
the TR loci while loss of one copy could be detected in only
16%. Despite this imbalance, one copy loss was observed
nearly 40% more often than one copy gain, an important
observation with regard to potential tandem repeat copy
number bias in the reference genome.
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Previous studies on VNTR prevalence in the human
genome have been limited to a subset of minisatellites in-
side the transcriptome and a limited number of genomes.
Here, we have shown a broader prevalence of VNTR loci
and suggested their importance with regard to gene func-
tion, population studies, and GWAS. Future research can
be expected to further enhance our understanding of this
important class of genomic variation.
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