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Summary
Variable number tandem repeats (VNTRs) are composed of large tandemly repeated motifs, many of which are highly polymorphic in

copy number. However, because of their large size and repetitive nature, they remain poorly studied. To investigate the regulatory po-

tential of VNTRs, we used read-depth data from Illumina whole-genome sequencing to perform association analysis between copy num-

ber of�70,000 VNTRs (motif sizeR 10 bp) with both gene expression (404 samples in 48 tissues) and DNAmethylation (235 samples in

peripheral blood), identifying thousands of VNTRs that are associated with local gene expression (eVNTRs) and DNAmethylation levels

(mVNTRs). Using an independent cohort, we validated 73%–80% of signals observed in the two discovery cohorts, while allelic analysis

of VNTR length and CpGmethylation in 30 Oxford Nanopore genomes gave additional support for mVNTR loci, thus providing robust

evidence to support that these represent genuine associations. Further, conditional analysis indicated that many eVNTRs and mVNTRs

act as QTLs independently of other local variation.We also observed strong enrichments of eVNTRs andmVNTRs for regulatory features

such as enhancers and promoters. Using the Human Genome Diversity Panel, we define sets of VNTRs that show highly divergent copy

numbers among human populations and show that these are enriched for regulatory effects and preferentially associate with genes that

have been linked with human phenotypes throughGWASs. Our study provides strong evidence supporting functional variation at thou-

sands of VNTRs and defines candidate sets of VNTRs, copy number variation of which potentially plays a role in numerous human phe-

notypes.
Introduction

Tandem repeats (TRs) are stretches of DNA comprised of

two or more contiguous copies of a sequence of nucleo-

tides arranged in head-to-tail pattern, e.g., CAG-CAG-

CAG. The human genome contains >1 million TRs that

collectively span �3% of our total genome.1 These TRs

range in motif size from mono-nucleotide repeats at one

extreme (e.g., TTTTTTT) to those with much larger motifs

that can in some cases be several kilobases in size, even

containing entire exons or genes within each repeated

unit.2,3 Because of their repetitive nature, TRs often show

high mutation frequencies, and many show extremely

high levels of length polymorphism.4,5 For example, a

recent comprehensive study of genome variation showed

that �50% of insertion-deletion events within the human

genome map to TR regions.6 However, despite contrib-

uting to a large fraction of genetic variation, TRs remain

poorly studied and, as a result, their influence on human

phenotypes is almost certainly underestimated. This is

largely due to their repetitive and highly variable nature,

which until the recent advent of specialized algorithms de-

signed to genotype TR lengths from sequencing data, made

them largely inaccessible to high-throughput genotyping

approaches.7–12
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Previously, we and others have demonstrated functional

effects on local gene expression and epigenetics of length

variation in TRs with both short motifs (motif size

1–6 bp, often termed microsatellites) and TRs with very

large motifs (motif size > 2 kb, also termed macrosatel-

lites).13–16 In contrast, TRs with motif sizes between these

two extremes, often termed variable number tandem

repeats (VNTRs) or minisatellites, have been less well stud-

ied. This is largely due to technical difficulties of genotyp-

ing variation at loci composed of moderate-to-large tan-

dem repeats motifs and is further compounded by the

fact that many TRs undergo a relatively high rate of recur-

rent mutation, meaning that copy number variation of

large TRs is often poorly tagged by flanking SNVs.16 As a

result, variation of many TR loci is poorly ascertained by

standard SNV-based genome-wide association studies

(GWASs). Thus, there is currently a knowledge gap

regarding the role of TR variation in human disease.

Numerous targeted studies in the literature have impli-

cated length variation of VNTR loci as putative drivers of

human molecular and disease phenotypes. Specific exam-

ples include a 12-mer repeat upstream of CSTB (MIM:

601145) that is the strongest known expression quantita-

tive trait locus (eQTL) associated with CSTB expression; a

30-mer repeat in the promoter of MAOA (MIM: 309850)
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implicated in multiple neurologic and behavioral pheno-

types; a 14-mer repeat upstream of INS (MIM: 176730)

that is associatedwithmultiplemetabolic traits, insulin pro-

duction, and diabetes risk; and an 25-mer repeat intronic

within ABCA7 (MIM: 605414) that is enriched for long al-

leles in Alzheimer disease and correlates with ABCA7

splicing and amyloid b levels in cerebrospinal fluid.17–22

Building on this prior work, here we used read depth

from Illumina whole-genome sequencing (WGS) data to

perform a genome-wide analysis of copy number variation

at �70,000 VNTR loci (defined here as TRs that have motif

size R 10 bp and span R100 bp in the reference genome)

in two discovery cohorts and a third replication popula-

tion. Our study provides functional insight into a previ-

ously understudied fraction of human genetic variation

and suggests that future studies of VNTR variation may

explain some of the ‘‘missing heritability’’ of the human

genome.23,24
Subjects and methods

Description of cohorts used for VNTR association

analysis
Individuals included in this study provided proper informed con-

sent for research use, and all procedures followed were in accor-

dance with the ethical standards of the responsible committee(s)

on human studies. Local ethical approval for this study was

granted under HS#: 20-00153.

GTEx

We obtained Illumina 150 bp paired-end WGS data and resulting

variant calls made with GATK in 620 individuals from the

Genotype-Tissue Expression (GTEx) project from dbGAP (dbGAP:

phs000424.v7.p2). Normalized RNA sequencing (RNA-seq)

expression data for these samples were downloaded from the

GTEX portal (v.7), comprising quality-controlled and processed

files for 48 tissues generated by the GTEx Consortium. These

data were aligned to hg19 and had already undergone filtering

to remove genes with low expression and been subject to rank-

based inverse normal transformation.

PCGC

WGS and methylation data for 249 individuals were selected from

the cohort collected by the Pediatric Cardiac Genomic Con-

sortium (PCGC). An extensive description of PCGC samples as

well as further details about sample collection can be found in a

summary publications released by the PCGC.25,26 Briefly, the

cohort comprises individuals aged from newborn to 47 years

(mean 8.2 years) diagnosed with a range of congenital heart de-

fects; conotruncal and left-sided obstructive lesions were the two

most common diagnoses. Illumina 150 bp paired-end WGS data

generated via PCR-free libraries from peripheral blood DNA

(average of 363 genome coverage, range 25–393) were obtained

from dbGAP (dbGAP: phs001138.v1.p2). Peripheral bloodmethyl-

omes were downloaded from GEO (GEO: GSE159930) and

normalized as described previously.27 We utilized the array data

to infer the likely sex of each sample on the basis of scatterplots

of mean b value of probes located on the X chromosome (chrX)

versus the fraction of probes located on the Y chromosome

(chrY) with detection p > 0.01. We compared these predictions

against self-reported sex for each sample and removed four sam-
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ples with a potential sex mismatch. We utilized data from auto-

somal probes, excluding any that mapped to multiple genomic

locations. We also utilized the genotypes obtained from GATK

analysis of the WGS data and in each sample excluded b values

for any CpG that contained an SNV within either the probe-bind-

ing site or the interrogated CpG. After these filters, a total of

821,035 CpG sites were retained for downstream analysis. All

PCGC data were aligned to hg19.

PPMI

We utilized data from the Parkinson’s Progression Markers Initia-

tive (PPMI) cohort, corresponding to 712 individuals (189 healthy

control individuals and 523 affected individuals with varying

types of Parkinsonism), with available Illumina WGS data aligned

to the hg38 reference genome.28 RNA-seq data generated from pe-

ripheral blood were available for 676 PPMI samples, comprising

read counts for 22,582 genes listed in GENCODE v.19, aligned to

hg19. The read counts were filtered, normalized, and subjected

to rank-based inverse normal transformation via scripts provided

by the GTEx Consortium. DNA methylation data generated via

the Illumina 850k array from peripheral blood DNAwere available

for 524 PPMI samples, aligned to hg19.
Estimation of VNTR copy number in two discovery

cohorts
We downloaded 886,954 autosomal TRs listed in the simple re-

peats track from the hg19 build of the UCSC Genome Browser, re-

taining only those repeats withmotif sizeR 10 bp and total length

of repeat tract R 100 bp. Where multiple TR annotations overlap-

ped, these were merged together, resulting in 89,893 unique

autosomal VNTR regions that were used in subsequent analysis.

All analyses in GTEx and PCGC discovery cohorts were performed

with the hg19 assembly.

In each sample of the discovery cohort (GTEx and PCGC), we

estimated relative diploid copy number of each autosomal VNTR

region by using CNVnator (v.0.3.3 with default thresholds and

bin size 100 bp), which uses normalized read depth to estimate

copy number of a locus.29 It should be noted that in VNTR regions,

where by definition there are multiple copies of a repeated motif,

CNVnator copy number estimates represent the fold change in

total (diploid) repeat number relative to the number of motifs an-

notated in the (haploid) reference genome. For example, Figure 1A

shows CNVnator-estimated copy number for a 44-mer repeat that

has 43 copies in the reference genome (chr12: 132,148,891–

132,150,764, hg38). An individual with a relative CNVnator

copy estimate of 6 is therefore predicted to carry a total of 43 3

6 ¼ 258 copies of this repeat.

Utilizing CNVnator copy number estimates of invariant regions

of the genome, we observed a strong technical bias in GTEx WGS

data: samples that were sequenced prior to 2016 showed system-

atic shifts in estimated copy number compared with later batches

(Figure S1). As a result, we removed 136 samples that were

sequenced in batch ‘‘2015-10-06.’’ On the basis of analysis of

invariant loci, and principal component analysis and density plots

based on VNTR copy number, we excluded a further 60 samples

from the GTEx cohort and 10 samples from the PCGC cohort

that were outliers in one or more of these analyses (Figure S2).

In situations where a VNTR is embedded within a larger copy

number variable region, copy number estimates for a VNTR based

on read depth can be confounded by variations of the wider region

because these would result in gains or losses in the total number of

VNTR copies present but without any change in the length of the
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Figure 1. Copy number variation at thousands of VNTRs is associated with variation in gene expression and DNA methylation in cis
(A) CNVnator-estimated copy number per 100 bp bin over a VNTR region shows highly variable read depth among samples from the
GTEx cohort. Shown is read depth data for a 44-mer repeat that has 43 copies in the reference genome (chr12: 132,148,891–
132,150,764, hg38), located intronic within NOC4L, which shows >10-fold difference in copy number within the population.
(B) Read depth provides good accuracy for estimating diploid VNTR copy number. Using 14 samples where both Illumina and PacBio
WGS data were available, at 1,891 eVNTR loci we compared diploid VNTR copy number estimates from WGS read depth by using
CNVnator with direct genotypes derived from Pacific Biosciences long-read diploid assemblies. We observed a high correlation between
the two approaches (R2 ¼ 0.81).
(C) Q-Q plots showing the distribution of observed versus expected p values for eVNTRs in 16 representative GTEx tissues. Variations in
the observed p value distribution among GTEx tissues are a reflection of the varying sample sizes available, which strongly influence
statistical power.
(D) Manhattan plot showing results of cis-association analysis between VNTR copy number and gene expression in skeletal muscle sam-
ples from the GTEx cohort. The high frequency of significant associations in subtelomeric and centromeric regions is consistent with the
known enrichment of VNTRs in these regions.30,31

(E) Significant eVNTRs are highly enriched within close proximity to the genes whose expression level they are associated with, mirror-
ing similar observations made for SNVeQTLs.32,33 We also observed a similar relationship for mVNTRs and the CpGs they associate with
(Figure S10), although we note an approximate order of magnitude difference in the distances over which significant eVNTRs and
mVNTRs were typically observed to function.
VNTR array. To identify VNTRs where our copy number estimates

were potentially subject to this confounder, we performed copy

number analysis of the 30 and 50 regions flanking each VNTR by us-

ing CNVnator (Figure S3). In cases where the 1 kb flanking region

of a VNTR overlapped a simple repeat with motif size R 6 bp, we

trimmed the flanking region, retaining only the flanking portion

that was adjacent to the VNTR. We then removed from our anal-

ysis any VNTRs where

(1) both flanks had trimmed length < 500 bp;

(2) correlation (R) between copy number of the VNTR and

either of the flanking regions was >0.5;

(3) either flanking region showed large variations in copy

number, defined as those flanks where the difference be-

tween 99th and 1st percentile was >2;

(4) they overlapped CNVs with minor allele frequency > 10%

in Europeans.34

As copy number estimates in GTEx WGS samples showed high

variability based on analysis of density plots, we normalized
The Ame
VNTR copy numbers in the 424 remaining samples by applying

an inverse rank normal transformation.35 On the basis of visual in-

spection of density plots of these transformed copy numbers, we

removed a further 20 outlier samples (Figure S2), leaving 404 sam-

ples that were used for association analysis with gene expression

(Table S1). Finally, we removed VNTRs that showed very low levels

of variation in the population (standard deviation < 0.2).
Comparison of VNTR copy number estimates with

genotypes obtained via long reads and the adVNTR

algorithm
Using the tool MsPAC, we generated diploid genome assemblies

for 14 individuals from available Pacific Biosciences (PacBio)

WGS data and phased SNVs (Table S2).36 Where phased SNVs

were not available (samples HG02059, HG02818, HG03486, and

HG0386), we performed phasing by using GATK HaplotypeCaller

andWhatsHap.37We generated VNTR genotypes directly from the

diploid long-read assemblies by using PacMonSTR.38 For each of

these individuals, PCR-free IlluminaWGS data were also available,
rican Journal of Human Genetics 108, 809–824, May 6, 2021 811



and we processed them with CNVnator to estimate VNTR copy

number, as described above. To estimate the accuracy of our

VNTR genotypes derived via CNVnator, we utilized a set of

2,027 VNTRs that are associated with local gene expression

(eVNTRs) that showed significant associations with gene expres-

sion in one ormore GTEx tissues and that were composed of single

annotated (i.e., non-merged) tandem repeats, copy number of

which could be unambiguously genotyped with PacMonSTR. We

discarded genotypes where both haplotypes in a sample were

not represented in the PacBio genome assemblies or where

VNTR copy number was>200, yielding a final total of 16,403 pair-

wise genotypes derived from 1,891 VNTR loci across the 14 sam-

ples, representing all eVNTR loci genotyped by CNVnator for

which we also obtained at least one set of diploid genotypes

from the 14 PacBio genome assemblies analyzed. To assess the per-

formance of an alternative approach for genotyping VNTRs from

short-read WGS, we were also able to generate genotypes for

1,746 of these same 1,891 loci from the Illumina WGS reads

with adVNTR in the 14 samples by using default parameters.11
Identification of eVNTRs in the GTEx cohort
Using RNA-seq data from the filtered set of 404 WGS samples that

passed our quality control steps, we adjusted gene expression data

for sex, RNA-seq platform, the first three principal components

from SNV genotypes, and between 15–60 covariates per tissue esti-

mated via PEER.39 Within each tissue, we performed linear regres-

sion between VNTR copy number and corrected expression level

of each gene located within 5500 kb by using the lm function

in R. We applied a false discovery rate (FDR) correction and re-

ported all VNTR:gene pairs with FDR q < 0.1 in any tissue.40
Identification of mVNTRs in the PCGC cohort
After excluding samples that either did not pass our quality con-

trol for DNA methylation or were outliers for VNTR copy number

on the basis of density plots, 235 individuals from the PCGC

cohort were utilized for association analysis of VNTR copy number

with CpGmethylation levels (VNTRs that are associatedwith DNA

methylation levels, or mVNTRs). We excluded CpGs with low

levels of variation (standard deviation < 0.02), leaving 316,169

CpGs that were located within 550 kb of VNTRs that were used

for association analysis. CpG methylation data (b values) were

adjusted for age, sex, the top two ancestry-related principal com-

ponents derived from principal-component analysis (PCA) of

SNVs, and blood cell fractions estimated directly from the methyl-

ation data with the Housemanmethod.41,42 We used the resulting

residuals to test the association between DNA methylation and

estimated VNTR copy number by using the lm function in R. We

applied a Bonferroni correction to the resulting p values based

on the total number of pairwise VNTR:CpG tests performed and

considered those with Bonferroni-adjusted p < 0.01 as significant.
Replication of eVNTRs and mVNTRs in the PPMI cohort
We utilized available WGS, RNA-seq and methylation data for 712

individuals from the PPMI cohort. We generated copy number es-

timates for all VNTR loci utilized in the GTEx and PCGC discovery

cohorts by using CNVnator (v.0.4.1) and applied the same quality

control and normalization steps as used in the discovery cohorts,

including inverse rank normal transformation to the VNTR copy

numbers, resulting in the exclusion of nine outlier samples. We

normalized gene expression data by using the same method as

applied to the GTEx cohort, including application of inverse
812 The American Journal of Human Genetics 108, 809–824, May 6,
rank normal transformation. These normalized expression data

were adjusted for sex, the first three ancestry-related principal

components derived from PCA of SNVs, and 60 additional compo-

nents estimated via PEER.39 We performed association between

VNTRs and normalized adjusted gene expression levels by using

linear regression, as described above for the GTEx cohort.

For replication of mVNTRs, we applied the same quality control

and normalization pipeline to themethylation data as used for the

PCGC cohort, as described above. Normalized b values were

adjusted for sex, age, the top three principal components from

SNV genotypes, and estimated blood cell fractions. We then

used the residuals to perform linear regression with VNTR geno-

type. CNVnator analysis of the PPMI cohort was performed in

the hg38 assembly, and we used liftover to convert VNTR coordi-

nates to the hg19 assembly for association analysis with methyl-

ation and expression data.

Enrichment analysis
We performed all enrichment analyses by comparing the fre-

quency of significant eVNTRs and mVNTRs against the back-

ground set of all VNTR:gene pairs that were tested in each cohort,

and we generated p values by using the hypergeometric distribu-

tion. We defined promoter regions as 52 kb of gene transcription

start sites (TSSs). We utilized a set of enhancer element annota-

tions downloaded the GeneHancer track in the UCSC Genome

Browser, utilizing only loci labeled ‘‘Enhancers.’’43 We utilized a

composite list of silencer element annotations, corresponding to

all significant silencer elements identified in two cell types under

different conditions.44

Replication of VNTR:CpG associations via Oxford

Nanopore long-read data
FASTQ files with Oxford Nanopore technology (ONT) reads-

derived WGS from 30 EBV-transformed lymphoblastoid cell lines

were downloaded from the Human Pangenome Reference Con-

sortium and aligned to hg38 via minimap2 with default

parameters.45 SNV calls were generated for each sample via the

bwa-GATK pipeline based on Illumina WGS downloaded from

the International Genome Sample Resource. Variants were phased

withWhatsHap37 and the alignment of the ONT reads to the refer-

ence genome. We generated diploid genome assemblies by using

MsPAC36 with ONT reads aligned to hg38 and phased SNVs as

input. VNTRs were genotyped on each assembled haplotype via

PacMonSTR.38 We used the call-methylation function in nanopol-

ish to score CpG sites in each read as either methylated or not

methylated.46 Because MsPAC partitioned reads into the two

possible haplotypes per sample, we calculated the methylation

fraction for each CpG site per haplotype on the basis of all haplo-

type-phased reads overlapping each CpG. In order to ensure

robust methylation measurements, we only retained CpGs for

phased haplotypes that were covered by R10 reads. We then

calculated correlation coefficients between VNTR copy number

and methylation fractions for mVNTR:CpG pairs identified in

the PCGC cohort where there were R20 haplotypes with both

VNTR genotypes and CpG measurements available and where

the VNTR showed an allelic range R 2 copies.

Population stratification of VNTRs
Weobtained IlluminaWGS readsmapped to hg38 from samples in

the Human Genome Diversity Panel, utilizing data for a subset of

676 samples that were sequenced with PCR-free protocols.47 We
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used CNVnator (v.0.4.1) to estimate relative copy number of auto-

somal VNTRs (hg38). We performed quality control by using PCA

and density plots to remove outliers and compared the reported

sex of each sample against sex chromosome copy number,

removing any discordant samples. We filtered VNTRs to remove

those within putative larger CNVs, as detailed above. After

applying these filters, we utilized genotypes of 66,796 VNTRs in

643 samples from seven different super-populations. For each su-

per-population, we calculated VST as follows:

VST ¼ ðVA � ððCT 3 VTÞ þ ðCB 3 VBÞÞÞ=VA;

where VA is the variance of all the samples, VT is the variance of the

target population, VB is the variance of the background popula-

tion, and CT and CB are fractions of the number of target and

background populations, respectively.48 For each of the seven

super-populations, we calculated VST for each VNTR by consid-

ering one super-population as the target and using all other sam-

ples as background. p values were generated by permutation

testing (n ¼ 1,000 permutations), and samples were randomly as-

signed to either the target or background groups. We selected

those VNTRs in each super-population with VST R 0.1 and permu-

tation p < 0.01.

Annotation of VNTRs with potential trait associations
In order to link eVNTRs with human traits that they might influ-

ence, we used two complementary approaches. First, we used

results of PrediXcan applied to 44 GTEx tissues and >100 pheno-

types from GWASs, annotating eVNTRs with phenotypes if they

shared the same gene name and tissue as indicated by PrediX-

can.49 However, because PrediXcan has been applied to a relatively

limited set of traits, we further annotated eVNTRs by using a com-

bination of eQTLs identified by the GTEx project and SNVs from

the GWAS Catalog.50 Here, eVNTRs were linked to putative associ-

ated phenotypes as follows: (1) for each eVNTR identified in a spe-

cific tissue, we joined these with eQTLs identified in the same

GTEx tissue based on gene name; (2) we extracted all SNVs from

the GWAS Catalog with p < 5 3 10�8 and joined these to the

GTEx eQTLs; and (3) where an eVNTR was joined with an SNV

that was both a GWAS variant and an eQTL for the same gene in

the same tissue, we annotated the eVNTR with the GWAS

phenotype(s).

Analysis of eVNTRs and mVNTRs on the X chromosome
Although all analysis described above was based on autosomal

loci, we also performed association analysis of VNTRs on the

X chromosome in the GTEx, PCGC, and PPMI cohorts. Here, we

only analyzed 46,XY males, as determined by read-depth analysis

of the sex chromosomes (n ¼ 182 in GTEx, n ¼ 123 in PCGC, and

n ¼ 465 in PPMI). After removal of the pseudo-autosomal regions

and quality filtering (as described above), we performed associa-

tion analysis of 2,348 VNTRs with gene expression and DNA

methylation, utilizing the same statistical thresholds as for auto-

somal loci.
Results

Robust genotyping of VNTRs via read depth

Using read depth from Illumina WGS data as a proxy for

diploid copy number, we generated copy number esti-

mates for a set of 70,787 large TRs (median motif size
The Ame
116 bp, mean span of repeat tract in reference genome

353 bp), henceforth referred to as variable number tandem

repeats (VNTRs). Many VNTR loci showed highly variable

copy number estimates among different individuals, indic-

ative of extreme levels of inter-individual polymorphisms

at many of these loci (Figure 1A).

In order to assess the validity of genotyping VNTRs from

read depth, we compared estimated VNTR copy numbers

from CNVnator with genotypes obtained directly from

spanning long reads from de novo diploid PacBio genome

assemblies. Using 14 individuals for which both Illumina

and PacBio WGS data were available, we observed good

global correlation between these two approaches, with

an overall R2 ¼ 0.81, indicating that read depth is generally

an effective proxy for measuring total copy number at the

majority of VNTR loci (Figure 1B, Table S3). In comparison,

we found that an alternative tool designed for genotyping

VNTRs from short-read data performed relatively poorly,

yielding an R2 ¼ 0.14 when compared with direct

genotypes generated from long-read WGS (Figure S4, Table

S3).11

Given that some VNTR motifs are not unique and can

occur at multiple genomic loci, we investigated the reli-

ability of reads mapped to VNTR loci. Using high-coverage

Illumina WGS data in a Yoruba individual from the 1000

Genomes Project (NA18874), we assessed mapping quality

scores for reads that overlapped VNTRs on the basis of both

their MAPQ score and the MAPQ score of their mate pairs.

We classified reads from VNTR loci into three categories.

The first category was MAPQ R 10, which we considered

reliably mapped. The second category was MAPQ < 10

but with a mate pair that mapped reliably within 510

kb. We considered these reads as reliably mapped to the

correct VNTR on the basis of their mate pair. Likely many

such reads that are contained entirely within a VNTR yield

low mapping quality because of the fact that VNTRs are

composed of repeated copies, giving multiple possible

map positions within a single VNTR tract. The third cate-

gory was MAPQ < 10 and with a mate pair that was not

anchored within 510 kb. We considered these reads unre-

liably mapped. Overall, we observed that the vast majority

of reads from VNTR loci were reliably mapped: 97.5% of

VNTRs comprised <10% of overlapping reads that were

unreliably mapped (MAPQ < 10 and no anchoring mate

pair), and only a single VNTR contained >50% of unreli-

ably mapped reads (Figure S5). These data indicate that

ambiguous read mapping to tandemly repeated regions is

not a significant confounder of our approach.

Overview of association analysis of VNTRs with gene

expression and DNA methylation

To assess the potential regulatory effects of copy number

changes of VNTRs on local gene expression and epige-

netics we utilized two discovery cohorts for which PCR-

free Illumina WGS data were available. First, we used a

subset of quality-filtered samples from the GTEx project,

comprising 404 individuals with expression data from
rican Journal of Human Genetics 108, 809–824, May 6, 2021 813



48 different tissues. Here, we performed cis-association

analysis between estimated VNTR copy number and

normalized gene expression within 5500 kb. Second, we

used 235 quality-filtered samples from the PCGC for which

DNA methylation profiles from whole blood were avail-

able. Here, we performed cis-association analysis between

estimated VNTR copy number and CpGmethylation levels

within 550 kb.

Summary of autosomal gene expression associations in

the GTEx cohort

After multiple testing correction, in the GTEx cohort we

identified a total of 13,752 significant pairwise VNTR:gene

expression associations (10% FDR) across 48 different tis-

sues, corresponding to 2,980 unique expression QTL

VNTRs (henceforth termed eVNTRs) that were associated

with the expression level of 3,167 different genes (Table

S4). Using Q-Q plots to explore the distribution of

observed versus expected associations, in each GTEx

tissue we observed a clear enrichment for significant asso-

ciations compared with the null distribution and little

evidence of genomic inflation (mean l ¼ 1.019, range

0.997–1.040) (Figure 1C). As expected, the number of sig-

nificant associations observed in different tissues was

strongly associated with sample size (i.e., statistical po-

wer), varying from 13 identified in uterus to 1,080 in

thyroid (Table S4). An example of the distribution of

genome-wide association signals observed in skeletal mus-

cle is shown in Figure 1D. Of note, we frequently observed

the same VNTR:gene pairwise associations in multiple

different tissues (35% of VNTR:gene associations were

seen in R2 tissues), and of these, 99.4% showed consis-

tent directionality in different tissues (Figure S6, Table

S4). In addition, 34% of eVNTRs were associated with

the expression of multiple different genes (mean of 3 asso-

ciated genes per eVNTR, range 1–48).

Supporting a biological role in modulating gene expres-

sion, eVNTRs showed enrichments for several genome

annotations with regulatory potential. We observed a

7.9-fold enrichment for eVNTRs located within 52 kb of

transcription start sites (p ¼ 1.1 3 10�73, Figure 1E).

Consistent with this observation, the sequence content

of eVNTRs also showed a strong bias toward higher GC

content (permutation p < 10�7) (Figure S7). We also

observed that eVNTRs were enriched at both annotated

enhancer (1.7-fold enrichment, p ¼ 1.7 3 10�14) and

silencer elements (2.5-fold enrichment, p ¼ 1.9 3 10�4).

Further examples of results observed at eVNTRs in the

GTEx cohort are shown in Figure S8.

In further support of our results, we successfully repli-

cated three associations of VNTRs with the expression level

of individual genes that had been identified in previous

targeted studies: a 36-mer coding VNTR in exon 1 of

AS3MT (MIM: 611806) that is associated with AS3MT

expression and schizophrenia risk, a 72-mer intronic

VNTR that regulates SIRT3 expression (MIM: 604481),

and a 33-mer promoter VNTR that regulates expression
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of TRIB3 (MIM: 607898), a gene that has been linked

with multiple human phenotypes.51–53

Summary of autosomal DNAmethylation associations in

the PCGC cohort

As for eVNTRs in the GTEx cohort, a Q-Q plot showed a

clear enrichment for significant associations compared

with the null distribution, although with some evidence

for genomic inflation (l ¼ 1.297) (Figure S9). Because of

this, in order to ensure robust associations, we chose to

apply a more stringent multiple testing correction, identi-

fying a total of 3,152 VNTR:CpG pairwise associations in

the PCGC cohort (Bonferroni-corrected p < 0.01), corre-

sponding to 1,480 unique methylation QTL VNTRs

(henceforth termed mVNTRs) and 2,466 unique CpGs (Ta-

ble S5). Similar to observations made for eVNTRs, mVNTRs

also showed a strong bias to occur in close proximity to the

CpGs they associated with, and the majority are separated

by <5 kb (Figure S10). mVNTRs tended to have a signifi-

cantly higher GC content than all VNTRs in the genome

(permutation p < 10�7, Figure S7) and were 2.2-fold en-

riched for annotated enhancers (p ¼ 3.7 3 10�19) and

2.2-fold enriched for annotated silencers (p ¼ 8.1 3 10�3

). Three examples of the association signals observed

around mVNTRs are shown in Figure 2, while additional

plots of eight other mVNTR loci are shown in Figure S11.

Conditional analysis indicates many VNTR associations

are independent of SNV QTLs

Given that multiple different genetic variants may exert

regulatory effects on gene expression and CpG methyl-

ation, we considered the possibility that the VNTR associ-

ations we observed might be indirect correlations driven

by linkage disequilibrium between VNTRs and other vari-

ants that are the primary QTLs. To assess whether VNTRs

act as QTLs independent of other local genetic variation,

we performed conditional analyses by removing the effect

of the strongest SNV QTL associated with each gene and

CpG that were putatively associated with VNTR copy

number.

First, we utilized SNV genotypes from the WGS data in

our two discovery cohorts to identify SNVs that were

significantly associated (FDR q < 0.1) with local gene

expression and CpG methylation levels (Figure 3A). For

each VNTR pairwise association, we then retained only

the subset of individuals that were homozygous for the

major allele of the lead QTL SNV and repeated the associa-

tion analysis between VNTR copy number and gene

expression/DNA methylation (Figure 3B). Doing so, we

observed a clear trend where the majority of VNTR associ-

ations retained the same directionality as in our original

analyses (Figures 3C and 3D). Overall, 9,791 of 12,784

eVNTR:gene pairs (76.6%) and 2,280 of 3,152mVNTR:CpG

pairs (72%) showed the same direction of association after

conditioning on the lead QTL SNV. Despite a considerable

loss of statistical power due to the reduced sample size

when conditioning based on the strongest SNV QTL, in
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Figure 2. Example associations of VNTRs with cis-linked DNA methylation and gene expression
Copy number of a 72-mer tandem repeat (chr14: 105,271,805–105,272,305, hg38) is associated with DNAmethylation levels at multiple
CpGs spread over >80 kb and the expression of multiple genes in cis.
(A) Manhattan plot of associations between copy number of this VNTR and CpG methylation within 5 50 kb. Significant CpGs (p <
0.01 after Bonferroni correction for the number of pairwise tests performed genome wide) are shown in color: red represents positive
correlations with VNTR copy number and green indicates negative correlations. The location of the 72-mer VNTR is indicated by the
vertical red bar in the center of the plot. The dashed gray line indicates the Bonferroni significance threshold. Above the plot is an image
from the UCSC Genome Browser showing location of CpG islands, simple repeats, and RefSeq genes.
(B and C) Correlation of VNTR copy number with CpG methylation (cg25733327) that lies 1 kb downstream of the TSS of BRF1 and
expression of BRF1 in thyroid.
(D and E) Correlation of VNTR copy number with CpG methylation (cg01181307) that lies 500 bp upstream of the TSS of BTBD6 and
expression of BTBD6 in esophagus muscularis. For both genes, increased methylation levels around the TSS are associated with reduced
gene expression, which is consistent with the known repressive effects of promoter methylation.
(F) A 107-mer repeat (chr15: 100,554,293–100,558,659, hg38), increased copy number of which causes local hypermethylation. This
VNTR also associates with the expression level of multiple nearby genes in many different tissues.
(G) A 40-mer repeat (chr17: 82,764,738–82,765,449, hg38), which associates with methylation of multiple CpGs over an�50 kb region.
This VNTR also associates with the expression level of multiple nearby genes in many different tissues. In (F) and (G), the location of the
associated VNTR is shown by a red bar in the simple repeats track.
the GTEx cohort, 2,146 associations showed the same di-

rection of effect with p < 0.01 and 1,434 met our

genome-wide significance discovery threshold (FDR q <

0.1) (Table S4). Similarly, for mVNTRs identified in the

PCGC cohort, after conditioning on the lead mQTL SNV,

693 associations showed the same direction of effect with
The Ame
p< 0.01 and 273 associations met our genome-wide signif-

icance discovery threshold (Bonferroni p < 0.01) (Table

S5). Overall, these results indicate that many of the

VNTR associations we detected are independent of other

local QTLs and are not simply driven by the linkage

disequilibrium architecture of the genome.
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Figure 3. Copy number variation at the majority of VNTRs shows association with gene expression and DNA methylation indepen-
dently of SNV eQTLs and mQTLs
We performed conditional analysis of eVNTRs and mVNTRs after removing the effect of the strongest SNV QTL on the same target.
Shown is an example locus, a 44-mer repeat that has 43 copies in the reference genome (chr12: 132,148,891–132,150,764, hg38), cor-
responding to the same VNTR shown in Figure 1A. This VNTR is located intronic within NOC4L and is significantly associated with
NOC4L expression.
(A) We identified rs11543305, a C/T variant that is located 1.6 kb proximal to the VNTR, as being the lead SNV associated with NOC4L
expression.
(B–D) After stratifying samples on the basis of genotype at rs11543305, copy number of this VNTR still shows a significant association
with NOC4L expression (B). Considering all significant VNTRs we identified, including eVNTRs observed in GTEx (C) and mVNTRs
observed in the PCGC cohort (D), there is a clear trend where the majority of observed VNTR associations retain their original signal
even after conditioning on the genotype of the lead SNV QTL. These data indicate that the majority of VNTR associations we identified
act independently of local SNV QTLs. In each plot, colored points represent VNTR associations that retain the same directionality after
conditioning on the lead SNV QTL: either positive associations (green) or negative associations (red).
Large-scale replication of eVNTRs and mVNTRs in an

independent cohort

In order to assess the robustness of the associations we

identified in the GTEx and PCGC discovery cohorts, we

conducted replication analysis in the PPMI cohort, consist-

ing of a total of 703 individuals with WGS, gene expres-

sion, and methylation data. We used CNVnator to analyze

VNTR copy number in each sample and then performed as-

sociation analysis with both gene expression and CpG

methylation levels by using identical pipelines as applied

in the two discovery cohorts. These analyses identified

3,537 significant autosomal eVNTRs that were associated

with the expression level of 3,615 unique genes (6,454

pairwise associations) (Table S6) and 3,288 significant

autosomal mVNTRs that were associated withmethylation

levels of 6,999 unique CpGs (9,730 pairwise associations)

(Table S7).

When compared to the associations identified in whole

blood from the GTEx and PCGC cohorts, we observed

replication at genome-wide significance levels and with
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concordant directionality for 278 of 381 (73%) GTEx

eVNTR:gene pairwise associations and 2,507 of 3,139

(80%) PCGCmVNTR:CpG pairwise associations (Figure 4),

yielding strong evidence to support that the majority of as-

sociations we report are most likely robust. We also

observed a trend for many VNTR loci to be associated

with both gene expression and CpG methylation. In the

PPMI cohort, of the 3,537 unique eVNTR loci identified,

1,489 (42.1%) were also associated with the methylation

level of one or more cis-linked CpGs. Of these, 653

(43.9%) had one or more associated CpGs that were

located in either the promoter or an annotated enhancer

element of the same gene whose expression they associ-

ated with. Using GeneHancer annotations, which define

promoter and enhancer elements that are linked to the

gene(s) they most likely regulate,43 we identified CpGs

that were associated with an mVNTR and lie within anno-

tated promoters or enhancers of eVNTR target genes. We

then compared the correlation coefficients between

VNTR copy number and bothmethylation and expression,
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Figure 4. Replication of the majority of significant eVNTRs and mVNTRs in an independent cohort
We performed replication analysis in the PPMI cohort, which comprises 712 individuals, with Illumina WGS, DNA methylation, and
RNA-seq data derived fromwhole blood.We observed that 73% of significant eVNTRs detected in GTEx whole blood were also identified
as significant in the PPMI cohort. Similarly, 80% of significant mVNTRs detected in the PCGC discovery cohort were also significant in
the PPMI cohort. Points shown in gray were non-significant in both discovery and replication cohorts, points in orange were significant
in one cohort, while points in red were significant in both cohorts.
thereby comparing associations of VNTRs with both

gene expression and epigenetics of their annotated

regulatory regions. We observed that for both promoters

(p ¼ 5.8 3 10�10) and enhancers (p ¼ 3.9 3 10�16), there

was a significant inverse relationship between CpG

methylation and gene expression, i.e., functional VNTRs

preferentially showed opposite directionality of effects on

methylation of regulatory elements and expression of the

associated genes (Figure S12). This high degree of conver-

gence between these two data types lends further support

to our results and suggests that, in at least a subset of cases,

the potential mechanism of action of VNTRs on gene

expression is via epigenetic modification of regulatory

elements.

Replication of VNTR:CpG associations via Oxford

Nanopore long-read data

We utilized a set of 30 genomes sequenced with Oxford

Nanopore technology (ONT) to further validate a subset

of mVNTRs. Here, after generating phased genome assem-

blies,36 we directly genotyped VNTR copy number on each

haplotype by using spanning long reads and determined

allelic CpG methylation levels by analysis of electrical cur-

rent signals from each phased read,46 allowing direct asso-

ciation of DNA methylation levels with cis-linked VNTR

alleles (Figure 5A). After quality filtering, data for each

VNTR:CpG pair were available for a mean of 24 indepen-

dent haplotypes and with a mean read depth of 243 per

CpG on each haplotype.

As a result of the low number of samples, after quality

filtering we were only able to assess replication of

228 mVNTR:CpG pairs identified in the PCGC discovery
The Ame
cohort that had sufficient data for robust analysis because

the multiple testing burden for a genome-wide analysis

would be prohibitive. We observed a clear trend where

the majority of VNTR:CpG associations identified via

read depth and Illumina 850k array profiling showed

concordant directionality with direct VNTR and methyl-

ation measurements from ONT reads, and 163 of 228

(71%) VNTR:CpG pairs showed consistent directionality

of association in the two datasets (Figure 5B). It should

be noted that given the very small size of this cohort, the

relatively coarse resolution of methylation measurements

compared with some of the effect sizes, and the different

cell type compared with the PCGC discovery cohort, not

all loci were expected to show strong replication.

In addition to providing replication for individual CpGs,

the use of ONT reads providedmuchmore complete assess-

ment of CpG methylation levels compared with the tar-

geted coverage of the Illumina 850k array, and in several

cases, we observed broad clusters of multiple CpGs that

showed strong associations with VNTR copy number that

were not apparent from array profiling (Figures 5C and

5D). Overall, these data provided additional supporting ev-

idence that read-depth profiling of VNTRs is effective for

identifying genuine biological associations.

Population stratification and trait associations of VNTRs

We analyzed VNTR copy number in samples from the Hu-

man Genome Diversity Panel and used these data to esti-

mate the degree of population stratification in VNTR

copy number with the VST statistic.47,48 Examples of

VNTRs with high population stratification are shown in

Figure 6. We observed strong enrichment for VNTRs with
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Figure 5. Additional replication of mVNTRs from direct VNTR
genotyping and methylation profiling in 30 genomes sequenced
with Oxford Nanopore long reads
(A) Outline of how phased long reads can be used to perform allelic
association analysis of VNTR genotype with cis-linked CpG
methylation levels. In each individual, ONT reads are phased
into the two haplotypes via SNVs (colored letters), VNTRs (blue
blocks) are genotyped directly on each haplotype based on the
phased assemblies, and CpG methylation levels (lollipops) on
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high population divergence within the set of putatively

functional VNTRs identified in our discovery cohorts:

there were 27 GTEx eVNTRs with VST > 0.2 (5.7-fold

enrichment compared with all VNTR loci tested, p ¼
7.9 3 10�14) and 120 with VST > 0.1 (3.8-fold enrichment,

p ¼ 9.2 3 10�38), while for mVNTRs in the PCGC cohort,

15 had VST> 0.2 (6.3-fold enrichment, p¼ 1.33 10�8) and

112 had VST > 0.1 (6.6-fold enrichment, p ¼ 1.5 3 10�57).

We also compared this set of population-stratified VNTRs

to TRs that were previously identified as having expanded

specifically in the human lineage compared to other pri-

mates and observed similar enrichments (GTEx eVNTRs

5.7-fold enriched, p ¼ 0.045; PCGC mVNTRs 9.2-fold en-

riched, p ¼ 0.018).54

To investigate whether eVNTRs with elevated VST levels

were enriched for phenotype associations, we annotated

eVNTRs with human phenotypes that they potentially

regulate by using both the results of PrediXcan and a com-

bination of tissue-matched eQTLs joined with variants

from the GWAS Catalog (Table S4). This identified 198 of

2,980 eVNTRs (6.6%) that had trait annotations from Pre-

diXcan, while 634 eVNTRs (21.3%) had annotations

derived from the overlap of GWAS Catalog variants and

eQTLs. Examples of several functionally interesting candi-

date eVNTRs that are potentially linked to human traits via

annotations from PrediXcan include the following.

(1) An 87-mer VNTR (chr6: 166,997,608–166,997,912,

hg38) that associates with expression of RNASET2

(MIM: 612944) in esophagus mucosa. RNASET2 is

a secreted extracellular ribonuclease with roles in

immune sensing and response and is linked by Pre-

diXcan with risk of Crohn disease, inflammatory

bowel disease, and rheumatoid arthritis.55,56
each haplotype are estimated on the basis of electrical current sig-
nals from each phased read.
(B) For mVNTR:CpG pairs identified in the PCGC discovery cohort
that had R20 haplotypes each with R103 coverage in the 30
available ONT genomes, 163 of 228 (71%) showed the same direc-
tionality of association in this independent dataset.
(C) Copy number of an 83-mer VNTR (chr17: 216,953–218,561,
hg38, indicated by the red bar) that lies intronic within RPH3AL
is positively associated with local DNA methylation, including
an annotated enhancer of RPH3AL. This same VNTR was nega-
tively associated with RPH3AL expression in 22 GTEx tissues.
(D) Copy number of a 32-mer VNTR (chr1: 1,080,637–1,081,029,
hg38, indicated by the red bar) that lies �800 bp upstream of
C1orf159 is negatively associated with local DNA methylation,
including a region of H3K4mono-methylation and DNaseI hyper-
sensitivity. This same VNTR was positively associated with
C1orf159 expression in six GTEx tissues. In (C) and (D), plots
show the correlation (R) values and unadjusted p values between
VNTR copy number and CpG methylation measured directly
from ONT reads. The dashed vertical lines indicate the position
of a CpG that was associated with VNTR copy number in the
PCGC discovery cohort. Correlation values are colored according
to their significance in the 30 ONT genomes: yellow indicates
p < 0.1, orange p < 0.05, and red p < 0.01. Below the plots are
screenshots from the UCSC Genome Browser showing annota-
tions of RefSeq genes, simple repeats, and regulatory regions.
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Figure 6. VNTRs with high population divergence are enriched for functional associations with gene expression, methylation, and
human traits
We estimated population stratification of VNTR copy number with the VST statistic in samples from the HumanGenomeDiversity Panel.
Both eVNTRs and mVNTRs were enriched for VNTRs with high VST, and consistent with the notion that selection may have acted to
modify copy number of functional VNTR loci in specific populations, we also observed that eVNTRs with elevated VST were enriched
for putative phenotype associations. Shown are six example VNTRs with high VST.
(A) A 40-mer VNTR (chr12: 499,333–499,718, hg38) expanded in the Oceanic population.
(B) A 33-mer VNTR (chr21: 27,626,691–27,627,440, hg38) expanded in Asians.
(C) A 20-mer VNTR (chr2: 220,823,510–220,823,980, hg38) expanded in Americans.
(D) An 81-mer VNTR (chr2: 241,457,351–241,457,836, hg38) expanded in Americans is associated with expression level of SEPT2 (MIM:
601506) in skin and thyroid and is potentially linked to multiple human traits by GWASs.
(E) A 24-mer VNTR (chr20: 62,825,064–62,825,209, hg38) expanded in East Asians is associated with expression level of COL9A3 (MIM:
120270) in adipose tissue, muscle, and blood.
(F) A 39-mer VNTR (chr19: 3,177,632–3,178,287, hg38) expanded in East Asians is associated with expression level of S1PR4 (MIM:
603751) in mammary tissue, thyroid, and esophagus.
(2) AVNTR region composed of multiple motifs (chr16:

29,196,863–29,197,354, hg38) that associates with

expression of TUFM (MIM: 602389) in thyroid.

TUFM is a mitochondrial elongation factor involved

in mitochondrial replication and is linked by Pre-

diXcan with body mass index and hip and waist

circumference.57

(3) A 53-mer VNTR (chr17: 83,032,018–83,032,543,

hg38) located intronic within B3GNTL1 (MIM:

615337) that associates with B3GNTL1 expression

in aorta. B3GNTL1 is a glycosyltransferase that

transfers sugar moieties to acceptor molecules and

is linked by PrediXcan with levels of glycated hemo-

goblin.58
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Consistent with the notion that selection may have

acted to modify copy number of functional VNTR loci

in specific populations, we observed that eVNTRs

with elevated VST levels were enriched for putative pheno-

type associations: 44 GTEx eVNTRs with VST > 0.1 were

linked with GWAS traits, representing a 1.7-fold enrich-

ment when compared with all eVNTRs identified (p ¼
9.03 10�5), while 13 had trait associations from PrediXcan

(1.6-fold enrichment, p ¼ 0.058).

Analysis of eVNTRs and mVNTRs on the X chromosome

In addition to analysis of autosomal loci, we also

performed association analysis between VNTR copy

number and gene expression and DNA methylation on
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the X chromosome. Because of the confounder of X chro-

mosome inactivation, which results in large epigenetic and

expression changes over most of the X chromosome in fe-

males,59 we utilized only male samples, resulting in an

approximate halving of sample size and a large corre-

sponding reduction in statistical power. We identified 14

eVNTR:gene pairwise associations in the GTEx cohort (Ta-

ble S8), 12 mVNTR:CpG pairwise associations in the PCGC

cohort (Table S9), and 36 eVNTR:gene and 36mVNTR:CpG

pairwise associations in the PPMI cohort (Tables S10

and S11).
Discussion

Here, we have conducted a genome-wide scan for putatively

functional VNTRs that associate with local gene expression

(eVNTRs) and DNA methylation (mVNTRs) by using two

separate cohorts for initial discovery, followed by subse-

quent replication in a third cohort. In addition, we pro-

vided further validation of mVNTRs by using phased

genomes sequenced with ONT long reads. We identified

thousands of VNTRs where repeat copy number associated

with local expression and epigenetics and successfully repli-

cated the majority of these signals at stringent genome-

wide significance thresholds. Multiple observations are

consistent with a functional role for these loci, including

an enrichment for regulatory elements such as gene pro-

moters, annotated enhancer and silencer elements, a strong

bias for eVNTRs/mVNTRs to lie in close proximity to their

associated gene/CpG, and replication of several known

VNTR associations from prior targeted studies. We hypoth-

esize that VNTRs might act to modify gene expression and

epigenetics via several different mechanisms. These include

modifying the structural properties of the DNA and/or

chromatin fiber, changing the number of binding sites for

DNA and/or chromatin-associated factors, or altering

spacing between regulatory elements and their targets.

Using conditional analysis where we removed the effect

of known SNV QTLs for the same gene or CpG that was

associated with VNTR copy number, we show that many

of the signals we detected are not simply driven by linkage

disequilibrium between VNTRs and flanking SNVs.We also

investigated stratification of VNTRs by using diverse hu-

man populations. As selection resulting from differing

environmental pressures represents a potential mecha-

nism leading to high population divergence, elevated VST

can be an indicator of possible selective effects acting on

VNTR copy number.We observedmultiple examples of pu-

tatively functional eVNTRs andmVNTRs that showed pop-

ulation-specific expansion or contraction. By annotating

eVNTRs with possible human traits that they might influ-

ence based on the genes they regulate, we found that

eVNTRs with elevated VST levels were enriched for putative

phenotype associations. Finally, we also observed that

eVNTRs and mVNTRs were enriched for TRs that have un-

dergone human-specific expansions in copy number.54
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Overall, these data provide strong evidence to support

the notion that copy number variation of some VNTR

loci exerts a regulatory effect on the local genome, is

most likely associated with a wide variety of human traits

and disease susceptibilities, and similar to single nucleo-

tide and other types of structural variation, has most likely

been subject to selective pressures during recent evolu-

tionary history.60–62

The majority of VNTRs we assayed via read depth were

relatively large, exceeding the read length of Illumina

WGS (mean motif size 116 bp, mean span of repeat tract

in reference genome 353 bp). Because of their size and tan-

demly repeated nature, copy number variation of VNTRs is

difficult to assay in Illumina WGS data via standard tools

for genotyping structural variants. By direct comparison

with VNTR genotypes derived from long-read sequencing,

we observed that CNVnator generally provides relatively

good estimates of relative diploid VNTR copy number for

the majority of VNTRs in the genome. In contrast, other

published tools for genotyping VNTRs are either limited

to only being able to genotype alleles that are shorter

than the sequencing read length or performed poorly in

our hands for the set of VNTRs we assayed.11,12

However, the use of read depth does have some major

limitations. First, read depth does not provide any allelic

information and only yields a relative estimate of total

copy number from the sum of both alleles. For example,

a heterozygous individual with alleles of two and eight re-

peats (total n ¼ 10) will be indistinguishable from an indi-

vidual who is homozygous for an allele with five repeats

(total n¼ 10). Also, the use of read depth does not differen-

tiate between specific repeat motifs with divergent

sequence that may independently vary in copy number,

as has been observed to occur at some VNTRs.4 Further-

more, in the case that a repeat motif strongly diverges

from those that are represented in the reference genome,

these might be poorly measured or missed entirely because

mapping of reads to a VNTR is based on alignment to the

reference sequence.We observed some evidence to support

this: some VNTRs that showed underestimation of copy

number compared with direct genotypes from PacBio

WGS often had consistently low read depth within the

VNTR locus. Finally, by studying discrepancies between

VNTR copy estimates derived from read depth and PacBio

WGS, we observed that the accuracy of read depth for gen-

otyping VNTRs is inversely related to both motif size and

copy number. Thus, read depth is best suited for studying

those VNTRs with larger and higher copy number motifs.

Given that TR loci are frequently misassembled or

collapsed during genome assembly, it is therefore likely

that our study has not effectively assessed some fraction

of VNTRs that are poorly represented in the current refer-

ence genome.52,54,60,63 Ongoing efforts to improve and

diversify the human reference genomewill most likely pro-

vide a more complete ascertainment of VNTRs that are pre-

sent in the human population.54,64 The use of read depth

to genotype VNTRs can also potentially be confounded
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where a VNTR is contained within a larger underlying copy

number variation or through batch effects in WGS data.

However, here we applied stringent quality control steps

to remove such confounders, and through visualization

of the underlying data at individual VNTRs and large-scale

replication in an independent cohort, we minimized the

possibility that these significantly influenced our results.

Other limitations of our analysis are that by using linear

regression in our association analysis, we tested a model in

which the relationship between expression/DNA methyl-

ation and VNTR copy number is presumed to be linear,

and therefore, we had limited power to identify more com-

plex non-linear effects of different VNTR alleles that have

been observed at some TR loci.65 Furthermore, we were

only able to assay CpG methylation in whole blood, and

the measurements of DNA methylation that we used

were based on methylation arrays, which only assay a

small fraction of all CpGs in the genome. However, using

a set of 30 genomes sequenced with ONT long reads, we

were able to perform a more complete assessment of

methylation levels for a much larger number of CpGs,

although here the small size of this cohort and the corre-

sponding lack of statistical power effectively limited us to

performing replication analysis of those mVNTR:CpG as-

sociations already identified via read depth. Finally, it

should be noted that the PCGC and PPMI cohorts are

composed of individuals with either congenital heart de-

fects or Parkinson disease, respectively. However, we

consider it unlikely that this significantly influences our

overall conclusion that variation of some VNTRs is associ-

ated with local gene expression and DNA methylation.

Overall, despite various technical and biological differ-

ences among the cohorts we profiled with Illumina or

ONT WGS, we were able to replicate the majority of

eVNTRs and mVNTRs, indicating the overall robustness

of our results.

Our study provides an initial map of putatively func-

tional VNTRs, and hints that future studies of tandem

repeat variation will most likely yield novel insights into

the genetic basis of human phenotypes that have been

largely ignored in the era of SNV-based GWASs. In order

to make results of our association analysis of eVNTRs and

mVNTRs easily accessible to the community, we have

created new tracks viewable in the UCSC Genome Browser

(Figure S13 and data and code availability). In the future,

we postulate that the application of long-read sequencing

that provides improved genotyping of VNTRs in large

cohorts will lead to deeper insights into the effects of this

class of structural variation on diverse human traits.
Data and code availability

All reported associations of VNTRs with gene expression

and DNA methylation are available as Track Hubs within

the UCSC Genome Browser, http://genome.ucsc.edu/

cgi-bin/hgHubConnect?hubSearchTerms¼VNTR.
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GWAS catalog, https://www.ebi.ac.uk/gwas/
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Human Pangenome Reference Consortium, https://
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Figure S1. Batch effects in CNVnator copy number estimates from WGS in the GTEx 

cohort. Using CNVnator data for two highly constrained genes that should remain copy-number 

invariant in the normal population (KDM6B [MIM: 611577], chr17:7,839,904-7,854,796 and 

CHD7 [MIM: 608892], chr8:60,678,740-60,868,028, hg38), we observed a strong batch effect in 

the GTEx cohort, whereby copy numbers derived from WGS data with release date October 6th 

2015 (red points) were systematically shifted compared to later data releases (blue and green 

points). Based on these observations, we removed from further analysis all 135 samples with 

release October 6th 2015. 

 



 

 

Figure S2. VNTR copy number distributions within the GTEx cohort after sample filtering 

and data normalization. Based on CNVnator copy number estimates of 89,893 autosomal -

VNTRs, we generated density plots at each step of quality control and normalization. We initially 

analyzed WGS data from 620 individuals, but after removal of batch effects, samples that were 

consistent outliers at invariant constrained genomic loci, or outliers for VNTR copy number by 

principal component analysis and density plots, we used a final cohort of 404 samples in our 

analysis. 

 

 

 



 

 

 

Figure S3. VNTR copy number estimates using CNVnator can be confounded by the 

presence of larger underlying CNVs. In situations where a VNTR is embedded within a larger 

copy number variable region, copy number estimates for the VNTR based on CNVnator read 

depth can be influenced by underlying variations of the wider region. To identify VNTRs that 

were subject to this confounder, we analyzed the 3’ and 5’ 500bp, 1kb and 2kb regions flanking 

each VNTR using CNVnator, and then correlated the values of the 1kb flanks with VNTR copy 

number. Shown are data from four representative loci that were removed from further analysis. 

Within each locus, samples are ordered based on the estimated VNTR copy number, revealing 

that the observed estimates of VNTR copy number are highly correlated with variation in the 

flanking regions, and likely simply reflect a larger underlying CNV, rather than changes in length 

of the VNTR array itself. 

 

 



 

 

Figure S4. Poor performance of adVNTR for genotyping VNTRs. Using data for the same 

set of 1,891 VNTRs in 14 individuals as shown in Figure 1B (see Methods), we used adVNTR to 

generate VNTR genotypes. When compared with direct genotypes generated from PacBio long-

read WGS in these same individuals, we observed an R2=0.14, indicating generally poor 

accuracy of this tool when applied to this set of VNTRs (Table S3). 

 

 



 

 

Figure S5. Assessment of the reliability of Illumina reads mapping to VNTR loci. We 

analyzed Illumina reads mapping to 2,980 autosomal GTEx eVNTRs in a Yoruban sample 

(NA18874), classifying them into three categories: (i) MAPQ≥10, (ii) MAPQ<10, but with a mate-

pair that mapped reliably within ±10kb. (iii) MAPQ<10, without a mate pair that was anchored 

within ±10kb. Violin plots show the fraction of reads in each of these three categories at each 

eVNTR locus. Overall, copy number estimates for the vast majority of eVNTRs were based on 

reliably mapped reads, with only a single eVNTR containing >50% of unreliably mapped reads. 

Within each violin, the median is indicated by the white dot, box limits indicate the 25th and 75th 

percentiles, and whiskers extend 1.5 times the interquartile range from the 25th and 75th 

percentiles. 

 



 

 

Figure S6. Pairwise correlation patterns of significant eVNTR:gene associations across 

eight tissues. Each point shows the R values of an individual gene:eVNTR pair that was 

significant in both tissues. In nearly all cases, the directionality of the observed associations are 

concordant among different tissues, with only 0.6% of eVNTR:gene pairs showing opposite 

direction of effect in different tissues, consistent with our results representing genuine 

associations. 

 

 



 

 

 

Figure S7. Significant eVNTRs and mVNTRs are biased towards higher GC content. We 

observed that both putatively functional eVNTRs and mVNTRs showed a clear trend to be 

composed of motifs with higher GC-content than the background of all VNTRs tested. This trend 

was stronger for mVNTRs, which is consistent with the Illumina 850k array preferentially 

sampling CpG in GC-rich regions of the genome, and the observation that most mVNTRs are 

located physically close (<5kb) from the CpGs that they associated with. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S8. Two example eVNTR loci detected in the GTEx cohort. (A) A 42mer repeat 

(chr16:89,647,518-89,648,445, hg38) located intronic within CHMP1A [MIM: 164010] associates 

negatively with CHMP1A expression in multiple tissues (shown is data from skin, sun exposed 

lower leg). (B) A 45mer repeat (chr4:1,397,437-1,398,660, hg38) located 1.4 kb downstream 

of CRIPAK [MIM: 610203] associates negatively with CRIPAK expression in multiple tissues 

(shown is expression data from thyroid). CNVnator locus plots show estimated copy number per 

100bp bin over the VNTR region, extending 1kb each side, with the red dashed line indicating 

diploid copy number equal to that of the reference genome. 

 

 

 

 

 



 

 

Figure S9. QQ plot showing the distribution of observed versus expected p-values for 

mVNTRs in whole blood from the PCGC. In this cohort we observed some evidence for 

genomic inflation (λ=1.297), although with a clear enrichment for significant associations 

compared to the null. We therefore chose to apply a more stringent multiple testing correction to 

ensure robust associations in the PCGC cohort. 

 

 

 

 



 

 

 

 

Figure S10. Significant mVNTRs show strong enrichments to be located within close 

proximity to the CpG whose methylation level they are associated with. These results 

mirror similar observations made for SNV mQTLs,65 and for eVNTRs in the GTEx cohort (Figure 

1E). However, we note an approximate order of magnitude difference in the distances over 

which significant eVNTRs and mVNTRs were typically observed to function. 

 

 

 



 

 

Figure S11. Eight example mVNTR loci detected in the PCGC cohort. Each plot shows 

associations between copy number of a VNTR and CpG methylation within ±50kb (hg38 

coordinates). The horizontal dashed line indicates the significance threshold (p<0.01 after 

Bonferroni correction for the number of pairwise tests performed genome-wide), with significant 



CpGs shown in color, with red representing positive correlations with VNTR copy number, and 

green indicating negative correlations. The location of the VNTR is indicated by the horizontal 

black bar in the center below each plot. Underneath each plot are shown the location of CpG 

islands (green bars) and Refseq genes (blue). 

 

 

 

 

 

 

Figure S12. An inverse relationship between gene expression and methylation of 

regulatory elements associated with VNTRs. Considering VNTRs that were associated with 

both methylation of CpGs in annotated regulatory regions and expression of the genes they 

regulate, we compared the correlation coefficients between VNTR copy number and both 

methylation and expression. We observed that for both promoters (p=5.8x10-10) and enhancers 

(p=3.9x10-16) there was a significant inverse relationship of CpG methylation with gene 

expression, i.e. functional VNTRs preferentially showed opposite directionality of effects on 

methylation of regulatory elements and expression of the associated genes. 



 

 

 

 

 

 

Figure S13. Screenshot showing UCSC Genome Browser tracks created to display 

eVNTRs and mVNTRs identified in our analysis. Shown is an example region of ~900 kb 

located at 21q22.3. Each line joins the location of an eVNTR:gene transcription start site, or 

mVNTR:CpG pair. For GTEx eVNTRs, line color indicates tissue type, while for mVNTRs blue 

and red lines represent positive and negative associations, respectively. Tracks are titled 

“Exp/Meth VNTR hub” accessible via the UCSC Genome Browser Track Hubs for both the hg19 

and hg38 genome assemblies. A link is included in the Data and Code Availability section of the 

manuscript. 
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