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Evolution of a Human-Specific
Tandem Repeat Associated with ALS
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Tandem repeats are proposed to contribute to human-specific traits, and more than 40 tandem repeat expansions are known to cause
neurological disease. Here, we characterize a human-specific 69 bp variable number tandem repeat (VNTR) in the last intron of
WDR?7, which exhibits striking variability in both copy number and nucleotide composition, as revealed by long-read sequencing. In
addition, greater repeat copy number is significantly enriched in three independent cohorts of individuals with sporadic amyotrophic
lateral sclerosis (ALS). Each unit of the repeat forms a stem-loop structure with the potential to produce microRNAs, and the repeat RNA
can aggregate when expressed in cells. We leveraged its remarkable sequence variability to align the repeat in 288 samples and uncover its
mechanism of expansion. We found that the repeat expands in the 3'-5' direction, in groups of repeat units divisible by two. The expan-
sion patterns we observed were consistent with duplication events, and a replication error called template switching. We also observed
that the VNTR is expanded in both Denisovan and Neanderthal genomes but is fixed at one copy or fewer in non-human primates. Eval-
uating the repeat in 1000 Genomes Project samples reveals that some repeat segments are solely present or absent in certain geographic
populations. The large size of the repeat unit in this VNTR, along with our multiplexed sequencing strategy, provides an unprecedented
opportunity to study mechanisms of repeat expansion, and a framework for evaluating the roles of VNTRs in human evolution and

disease.

Introduction

More than 40 tandem repeat expansions in the human
genome are known to cause neurological disease.' ™ This
number continues to increase with the growing adoption
of long-read sequencing technology, which can sequence
longer repeats like variable number tandem repeats
(VNTRs; repeats with a repeat unit of seven or more nucle-
otides). Until now, most of the tandem repeats associated
with disease have been short tandem repeats (STRs; repeats
with a repeat unit of six or fewer nucleotides), and the
mechanism by which disease-associated repeats expand
have been difficult to study, since their repeat tracts are
generally uninterrupted, and thus their exact locations of
expansion are ambiguous. Long-read sequencing technol-
ogy reveals that many VNTRs are far more polymorphic
than the reference human genome suggests. Their length
and variability provide us with an unprecedented opportu-
nity to observe their mechanism of expansion.

So far, two VNTRs have been extensively studied in
neurological disease: one in ATP binding cassette subfam-
ily A member 7 (ABCA7 [MIM: 605414]) associated with
Alzheimer disease (MIM: 104300)* and one in calcium
voltage-gated channel subunit alphal C (CACNAIC

[MIM: 114205]) associated with schizophrenia (MIM:
181500) and bipolar disorder (MIM: 125480).° Both of
these VNTRs were studied because they were found in close
proximity to a genome-wide association study signal for
the associated disease. The high incidence of neurological
disease in humans is partly attributed to rapid changes in
genes involved in brain function,®® and tandem repeats
are proposed to contribute to these human-specific
traits.” To better understand the role that tandem repeats
could play in human-specific brain health and disease,
we took a genome-wide approach, looking for VNTRs
that expanded only in humans and exhibited far greater
variability in a neurological disease population, as
compared to the reference genome.

One neurodegenerative disease in which repeat expan-
sions contribute to a substantial number of cases is amyo-
trophic lateral sclerosis (ALS [MIM: 105400]). ALS is a
rapidly progressive and uniformly fatal motor neuron dis-
ease. Currently, the most common variant found in both
familial and sporadic cases is an intronic hexanucleotide
tandem repeat expansion in C9orf72-SMCR8 complex
subunit (C9orf72 [MIM: 614260]).'%'" Another repeat
expansion in ataxin 2 (ATXN2 [MIM: 601517]) modifies
disease in ALS, when repeat copy number is between 27
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to 33 (but not > 34, which causes spinocerebellar ataxia 2
[SCA2 (MIM: 183090)]).'*'* Other key genes with patho-
genic coding changes include superoxide dismutase 1
(SOD1 [MIM: 147450]),'"* TAR DNA binding protein
(TARDBP, which encodes TDP-43 [MIM: 605078]),'>'¢
and FUS RNA binding protein (FUS [MIM: 137070]).'7-'®
Still, though, these and other genetic variants account
for only ~50%-60% of ALS cases with a strong family his-
tory of ALS (fALS) and 10%-20% of those with sporadic
ALS (sALS).'” The missing heritability for this complex dis-
ease could in part be explained by other unidentified tan-
dem repeat expansions, which could act as causes or mod-
ifiers of disease.’’ Indeed, two or more mutations that
individually have a low probability of causing disease,
but act synergistically to cause disease, have already been
identified in a small number (1%-4%) of fALS and sALS
cases.”’

In addition to uncovering disease-causing variants, char-
acterizing the full-length sequence of VNTRs can increase
our understanding of the mechanisms underlying tandem
repeat expansion. The mechanism by which tandem re-
peats expand has so far been difficult to pinpoint, as the
uniformity of most STRs (e.g., CAG trinucleotide repeats)
obscures the exact location where expansion occurs. In
these cases, it is hard to know by how many repeat copies
a repeat expands, and whether the expansions occur from
the 3’ end, 5’ end, or even in the middle of the repeat
sequence. In contrast, by looking at the full-length
sequence of VNTRs, which exhibit significantly more in-
ternal nucleotide variability, we can track the exact break-
points of an expansion.

Here, we first identified possible disease-associated VNTRs
by inferring the lengths of human-specific tandem repeats in
awhole genome database of SALS cases. Of these, we found a
69 bp repeat in WD repeat domain 7 (WDR7 [MIM:
613473])—a gene involved in synaptic transmission®***
—that varied markedly compared to the human reference
genome. This repeat also lacked any adjacent regions that
could have facilitated its expansion (like retroelements). Sub-
sequent long-read sequencing confirmed the variability in
length that we observed, and revealed a unique pattern of
internal variability that provided us with an unparalleled op-
portunity to visualize and analyze its pattern of expansion.
We found that higher copy number of the VNTR was
enriched in cases of sALS, and that the VNTR can form
repeat-derived microRNAs and RNA aggregates in vitro. In
addition to its association with disease, the variability of
this repeat also provided a unique opportunity to observe
the timing and location of its expansion, as well as its state
in ancient genomes and diverse modern-day populations.

Material and Methods

DNA Samples
Informed consent for the ALS3-affected family was obtained from
McGill University.”* Blood samples were collected and converted

to lymphoblast cell lines. DNA was extracted from cell lines using
a DNeasy kit (QIAGEN 69504). Additional 96-well plates of DNA
samples were obtained from the Coriell Institute. In total, DNA
from 376 individuals with ALS, 531 individuals with Parkinson
disease, and 639 control subjects was obtained. DNA from 64 indi-
viduals with Alzheimer disease and 32 age- and sex-matched con-
trol subjects was obtained from the University of Washington
(UW) Alzheimer Disease Research Center (ADRC).

PCR

To PCR amplify the WDR?7 repeat, standard Taq DNA Polymerase
(New England BioLabs M0273) was used, following the manufac-
turer’s protocol for sample preparation with about 25 ng of DNA.
The annealing temperature of the thermocycler was reduced from
60°C to 55°C over a 10 cycle period, followed by 25 cycles at 55°C,
and the extension time was set at 3 min per cycle. This method
successfully covered both alleles of each sample about 70% of
the time. For those samples in which one or both alleles did not
amplify, the PCR was repeated using LongAmp Taq DNA Polymer-
ase (New England BioLabs M0323). Samples were similarly pre-
pared, following the manufacturer’s protocol. The annealing tem-
perature was set at 55°C and the extension time was set at 4 min
per cycle. The entire 25 pL sample was then loaded with loading
dye onto a 1% agarose gel. The repeat copy number in each allele
was calculated from the band size on the gel. Primers used for
the repeat lay 82 bp before and 84 bp after the repeat location:
5'-GCCGAATTTGAAGAGGTCATAG-3' (forward) and 5'-TAGAA
AAGGCCATTACAACTGG-3’ (reverse).

PacBio SMRT Sequencing

We first PCR amplified the WDR? repeat using the same primers
listed above for 10 cycles, using 100 ng of DNA. Then, primers
with 12 nt barcodes were used to amplify for 25 more cycles. We
used combinations of 12 forward and 12 reverse primers to yield
144 distinct amplicons. Samples were pooled and purified and
their concentration was measured. Free primers were then
removed with Ampure beads. The sequencing library was prepared
and SMRT bell adaptors were ligated by UW PacBio Sequencing
Services. Samples were run on a PacBio Sequel System using
v.2.1 chemistry in the first round, and a Sequel II System using
v.3.0 chemistry in the second round.

Sample De-multiplexing and Analysis

Samples were sorted by their combination of forward and reverse
barcodes, yielding ~132 distinct files (for example, 92% samples
were successfully amplified in the first round). Each sample,
grouped by its barcodes, was then merged to identify multiple in-
stances of the same identical sequence using the FASTX-toolkit
collapsed command, which we took to be an example of the
true sequence. In events where we identified only singleton reads,
we performed ClustalW alignment of these reads. We then took
the consensus sequence from each as the representative sequence
from this individual. By aligning and quantifying repeat units
across all samples, we obtained a sequence logo using We-
bLogo.”*

Sequence Alignment Plot Generation

To align the two consensus alleles from each sample after de-multi-
plexing, we first trimmed all sequences before and after the repeat.
Each repeat unit was assigned a single letter code. We did not
use the letters A, C, G, or T, to avoid any ambiguity associated
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with using DNA nucleotides. If a sequence did not correspond to
the top 18 resulting letters/repeat units, it was assigned an “X.”
We then used ClustalW protein alignment tools to align each
string of letters from each allele as if they were amino acids.
When visualizing the resulting sequence, we noticed that most
of the sequence conservation occurred at the 3’ end, which was
much less variable than the 5’ region. Therefore, we right-justified
each of the reads, while maintaining some short gaps where con-
tractions were most parsimonious with the alignment. We then
manually swapped sequences to most closely resemble their
neighbors. Each letter was then converted to its own unique color
to improve visualization. Finally, samples were de-coded to reveal
their clinical status.

Repeat Length Estimation

We adopted a previously published method® to estimate read
depth using whole-genome sequencing data. Reads were counted
that mapped to the repeat, compared to a 100 kb window of
genomic sequence around the WDR7 repeat. The fraction of
enrichment or depletion of reads was used to calculate the esti-
mated length compared to the reference human genome (hg38,
which shows six copies of the repeat). Whole-genome sequencing
datasets used included those from the National Institute on Aging
Genetics of Alzheimer Disease Data Storage Site (NIAGADS) and
Answer ALS. Quebec samples come from Canadians of mostly
French ancestry living in Quebec. All samples analyzed were
aligned to hg38. Samples were of European descent (self-reported).

Calculation of Inter-repeat Distance

To calculate the distance between individual repeat units, we
counted the distance between one repeat unit and all subsequent
repeat units in that sample. For instance, if one repeat unit
appeared at positions 2, 6, and 12 in a repeat, the numbers 4
(6 —2),10 (12 — 2), and 6 (12 — 6) would be scored. This process
was repeated iteratively across all repeat units from each sample
that underwent long-read sequencing.

Ancient DNA Calculations

Raw data for ancient DNA calculations were obtained from published
genomes of Altai Neanderthal”® and Denisovan®’ samples. Regions
corresponding to the WDR?7 repeat were converted to SAM files
and individual reads were queried for the presence of a complete
69 bp repeat unit contained within the 100 bp sequence read.

1000 Genomes Project Sample Analysis

Reads that mapped to the WDR7 repeat (hgl9 co-ordinates
chr18:54,691,726-54,692,180) were extracted from BAM files for
each individual from the 1000 Genomes Project.”® The presence
of each repeat unit was counted across each sample. To identify
novel repeat units not identified in our initial PacBio screen, we
searched for sequences that had a match to either the 12 nt
sequences at the beginning or the end of the repeat and were
67-70 nt long.

Construct Generation

The same PCR primers used to amplify the WDR?7 repeat were used
for cloning, with the addition of overhangs to clone the product
into the pIRES-NEO vector using the In-Fusion HD Cloning Plus
kit (Takara 638910). Repeats of 1, 4, 6, 10, 15, 27, and 36 copies
in length were amplified from case and control DNA samples
from the Coriell Institute.

Cell Culture and Transfection

HEK293 cells were obtained from the American Type Culture
Collection (ATCC). They were grown in 10% DMEM and trans-
fected using Lipofectamine 3000 Transfection Reagent (Invitrogen
L3000015) following the manufacturer’s instructions. RNA was ex-
tracted 48 h later using QIAzol Lysis Reagent (QIAGEN 79306).
MEF cells were also obtained from the ATCC and were grown in
15% DMEM. They were transfected in the same manner as the
HEK293 cells. Lymphoblasts were cultured in 10% IMDM.

RNA Localization

Custom Stellaris fluorescent in situ hybridization (FISH) probes
labeled with a Quasar 570 dye were ordered from LGC Biosearch
Technologies. HEK293 and MEF cells were treated with the probe
following the manufacturer’s instructions, then imaged on an
Olympus FluoView FV1000 confocal microscope. Images were
analyzed in CellProfiler,”® using the Speckle Counting pipeline.

Small RNA Sequencing

Small RNA sequencing was performed as previously described.*®*!
Briefly, 3 ug of RNA from HEK293 cells were ligated to 3’ Universal
miRNA Cloning Linker (New England Biosciences $1315) using T4
RNA Ligase 1 (New England Biosciences M0204) without ATP,
then run on a 15% urea-polyacrylamide gel. 17-28 nt fragments
were excised and ligated to 5’ barcodes, again using T4 RNA ligase,
then multiplexed and sequenced on an [llumina 50 bp miSeq ma-
chine at the UW Center for Precision Medicine. Adaptors and barc-
odes were trimmed, retaining small RNAs > 18 nt in length, and
then sequences were aligned to human microRNAs on miRBase
(release 15)** using Bowtie v.0.12.7, allowing for 2 mis-
matches.*

MicroRNA Target Prediction

To evaluate predicted targets for the microRNAs produced from the
WDR?7 repeat, we used the seed sequence of the most abundant mi-
croRNA sequence detected from small RNA sequencing (UCA-
CAUA) as input for the TargetScan v7.2 program.** Considering
the human-specific nature of the repeat, we did not use species con-
servation as a consideration when reporting target mRNAs.

RNA Folding

RNA from non-human primates, the reference human genome
(GRCh38), and one affected individual from the ALS3-affected
family was entered in the RNA-fold program—part of the Vien-
naRNA Package 2.0.*° Centroid plots demonstrating base-pair
probabilities are presented here.

Phylogenetic Tree Analysis

A total of 28 samples from 5 different 1000 Genomes Project®®
populations (ASW, CEU, CHB, JPT, and YRI) were included in
our long-read sequencing pipeline. We used the VCFtoTree pro-
gram®° to extract sequence data before and after the WDR7 repeat
and generate alignments of the samples. We included 10 kb of
sequence immediately before the repeat (hgl9 chr18: 54677408-
54687408). The sequence immediately after the repeat had few
single nucleotide polymorphisms (SNPs), precluding resolution
of the different populations on a tree; as a result, we used a
sequence starting 10 kb after the repeat until 20 kb after the repeat
(hg19 chrl8: 54,694,892-54,704,892). We used FastTree 2°’ to
generate approximately-maximum-likelihood phylogenetic trees
of the resulting alignments. We then overlaid the two alleles
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obtained from long-read sequencing for each individual and kept
the allele that most closely matched its neighbor. While the
VCFtoTree alignment is phased for each individual, SNPs were
not present in the section of the repeat that was amplified, so
we could not match each repeat allele to the phased tree segments.

RNA Editing Analysis

We extracted RNA-seq reads that map to the WDR?7 repeat from
brain samples from the Mount Sinai Brain Bank that have been
deposited in the Accelerating Medicines Partnership — Alzheimer
disease (AMP-AD) database.’® Reads were aggregated across all
samples. In instances where an A-to-G change was identified in
the RNA sequencing reads but not from our combined DNA
sequence analysis, we calculated the percent frequency of each
A-to-G mismatch out of total reads.

Statistical Analysis

Statistical analyses were performed using Prism 8.0.1 (GraphPad
Software). The D’Agostino-Pearson omnibus K2 test was used to
test whether the data were normally distributed. A two-tailed
Mann-Whitney test was used to compare groups of two with
nonparametric distribution, for which median and interquartile
range (IQR) as well as mean and standard deviation (SD) are given.
A one-way Kruskal-Wallis test was used to compare groups greater
than two with nonparametric distribution, followed by Dunn's
multiple comparisons test if the Kruskal-Wallis gave p < 0.05. R
values on scatterplots were produced using simple linear regression.

Results

To identify VNTRs that could act as disease modifiers for
ALS, we evaluated VNTRs that are human specific, located
in introns, and highly variable according to analysis of 15
individuals whose genomes were sequenced and phased
in their entirety using long-read sequencing.”” We focused
on intronic regions (as opposed to intergenic regions) to
identify transcribed regions most likely to influence disease,
similar to the hexanucleotide repeat in C90rf72.'"'" We
also excluded repeats that were part of repetitive elements,
especially SINE-VNTR-Alu repeats, which have a variable
length, but map to many locations in the human genome.
A total of 20 repeats matched this criteria, with a VNTR
repeat unit length > 25 nt that mapped uniquely to one
location in the human genome (Table S1). Their genomic
co-ordinates were then used to obtain estimated read length
relative to the reference human genome in a dataset of 97
genomes from Answer ALS (Figure 1A). One 69 bp VNTR
in the final intron of WDR7 was particularly striking in its
large size and variable length (Figure 1A). WDR7 encodes
the B-subunit of rabconnectin-3, which is involved in the
Ca**-dependent exocytosis of neurotransmitter and is
highly expressed in the brain.”” Furthermore, WDR7 was
compelling given that its genomic location is within the
bounds of the ALS3 (MIM: 606640) locus on chr18q21.*
While the family used to map the locus was subsequently
found to have a variant in FUS,'” 14 of 15 affected individ-
uals nonetheless still map to the chr18q21 region, indi-
cating that a modifying gene may be present.

The WDR7 Repeat Sequence Is Primate Specific and
Expands Only in Humans

Through phylogenetic analysis, we determined that the
WDR?7 region of interest is present only in primates
(Figure 1B). By analyzing the reference genomes of
non-human primates and phased genomes of several non-
human great apes, we found that squirrel monkeys, marmo-
sets, green monkeys, baboons, rhesus macaques, and gib-
bons share a 47 bp region, which corresponds to about
two-thirds of the 69 bp repeat unit (Figures 1B and 1C).
Conservation of this 47 bp sequence drops to 74% in mouse
lemurs. Orangutans, chimpanzees, gorillas, and bonobos all
have exactly one copy of the full 69 bp sequence in addition
to the 47 bp, and the sequence itself is identical between
species (Figure S1). The human reference genome, by
contrast, shows 6 copies of the 69 bp sequence, in addition
to the 47 bp. Intriguingly, the 69 bp sequence found in
great apes is predicted to form a unique secondary structure,
with complementary regions that form a hairpin
(Figure 1C). Expansion of the repeat in humans appears
ab initio, meaning without any adjacent or internal repeat
sequences that could facilitate its expansion, making it
unique among VNTRs.*? Overall, this analysis shows that
expansion of the repeat is specific to the human lineage.

The WDR7 Repeat Is Highly Variable in Length and
Longer in Case Subjects with sALS

Given its unique properties, we further characterized the
distribution of the VNTR length by PCR amplification fol-
lowed by SMRT sequencing in 376 individuals with sALS,
531 individuals with sporadic Parkinson disease (sPD
[MIM: 168600]), and 639 control samples obtained from
the Coriell Institute. The distribution of the longer ampli-
fied allele per individual ranged from 1 to 86 copies
(Figure 2A). The mean and median copy number of
the longest allele per individual was also significantly
higher in individuals with ALS than control subjects
(p = 0.0003; Mann-Whitney test), suggesting that the
repeat may modify ALS susceptibility. Notably, the largest
repeat length we observed (86 copies) was detected in an
individual who developed sALS at age 72.

To validate this finding, we estimated WDRY repeat copy
number in whole-genome sequencing data from NIAGADS
(n =917 case subjects with Alzheimer disease and 675 con-
trol subjects), Quebec (n = 159 case subjects with sALS and
311 control subjects), and Answer ALS databases (n = 307
case subjects and 53 control subjects). SALS samples from
the Quebec cohort and the Answer ALS cohort exhibited
significantly higher repeat copy number than the Quebec
control subjects, as well as the NIAGADS control subjects
(Figure 2B; p < 0.0001; Kruskal-Wallis test followed by
Dunn’s multiple comparisons). For comparison, the repeat
copy number in sporadic Alzheimer disease (AD) samples
available through NIAGADS was no different than the con-
trol subjects (Figure 2B). While in all cohorts we observed a
relationship between longer repeat length and ALS risk, we
did not observe a relationship between longer repeat
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(A) Estimated read length of several human-specific and intronic VNTRs that are not derived from repetitive elements. Read length is
given relative to the reference genome, to evaluate how variable the read length of each VNTR can be. Read length was obtained
from the Answer ALS database (n = 97 samples). Black lines show mean and standard deviation. The VNTR in WDR?7 exhibits greater

variability than the other VNTRs.

(B) Position of the VNTR in WDR? intron 27, adjacent to a DNase I hypersensitivity site, and regions of multi-species conservation. The
repeat itself is not conserved across species. The bottom schematic shows the region that was included in subsequent PCR amplification.
(C) Phylogenetic tree showing events of repeat region evolution in humans and non-human primates (red hashmarks). Adjacent are the

predicted RNA structures for each iteration.

length and age of disease onset, similar to what has been
reported for intermediate lengths in ATXNZ2 trinucleotide
repeat expansions in ALS (Figure S2).*!

The WDR7 Repeat Is Highly Variable in Internal Repeat
Sequence

We next characterized differences in the internal repeat
sequence, since sequence slippage or internal nucleotide
variation within the repeat itself has previously been shown
to lead to disease.*”** To determine the exact nucleotide
composition of the sequences repeated in our samples, we

used PacBio single molecule, real-time (SMRT) sequencing
technology. We PCR amplified the WDR7 repeat region
and multiplexed 144 samples with a repeat length of 20
or greater into one lane of SMRT sequencing. Samples
were of European ancestry (self-reported) and included 40
control subjects, 35 sALS samples, 22 sPD samples, and 43
affected and unaffected members of the family with ALS
that maps to the ALS3 locus. We captured the sequences
of the 288 alleles for >90% of samples.

Intriguingly, we determined that exactly 6 of the 69 bp
in the repeat unit were variable (Figure 2C). None of the
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(A) WDR7 VNTR copy number distribution in the longest amplified alleles from individuals with sALS and sPD and control subjects ob-
tained from the Coriell Institute. Repeat copy number is significantly higher in cases of ALS (median [IQR] = 17.5 [9-24], mean + SD =
17.7 + 10.4) versus control subjects (median [IQR] = 15 [8-21], mean = SD = 15.2 * 9.66; p = 0.0003; Mann-Whitney test).

(B) Comparison of WDR7 VNTR copy number estimated from whole-genome sequencing. Read lengths were obtained from NIAGADS (n
= 917 case subjects with AD and 675 control subjects), Quebec (n = 159 case subjects with ALS and 311 control subjects), and Answer
ALS databases (n = 307 case subjects and 53 control subjects). Black lines show mean and standard deviation. p values were determined
by a Kruskal-Wallis test (which gave p < 0.0001), followed by Dunn’s multiple comparisons. *p < 0.05, ***p < 0.001, ****p < 0.0001, “ns”
means “not significant.”

(C) Hairpin secondary structure of one repeat copy, with the 6 of 69 variable base pair positions highlighted.

(D) Repeat logo of the WDR7 VNTR, indicating relative conservation or variability at each nucleotide position.

(E) The 18 “parent” repeat unit sequences that account for >99% of repeat units identified. Variable nucleotides are highlighted. Each
parent sequence was assigned a color, shown on the left, used for alignment and visualization in Figure 3.

(F) The frequency of each repeat unit across all individuals (n = 144 individuals, totaling 6,041 distinct repeat units).

observed changes were compensatory changes (i.e., when
one nucleotide of a self-complementary region is modified
to restore base-pairing with a nucleotide on the other side
of the duplex). By aligning repeat units across all
samples, we obtained a sequence logo (Figure 2D). We
also estimated concordance between SMRT long-read
sequence length and length estimated by PCR (Figure S3;

R? = 0.479). Our high depth of coverage obviated any is-
sues associated with single nucleotide variants, especially
short insertions or deletions from long-read sequencing.
More than 99% of repeat units resolved into 18 parent se-
quences, with no intervening nucleotides between repeats
and no insertions, deletions, or nucleotide changes at any
of the 63 of 69 fixed positions.
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Figure 3. Alignment of Repeat Units across Individuals Is Clustered and Reproducible

(A) Repeat units were color coded (colors assigned in Figure 2E; black indicates a rare repeat unit without an assigned color), and then
each individual’s alleles were plotted as a series of colors, from the 5’ to 3’ end (top to bottom) of the VNTR. Here, alleles are aligned based
on similarity at the 3’ end of the sequence. Repeat copy number is shown on the y axis. Samples used were the same as those presented in
Figure 2A. For this round of sequencing, samples selected had at least one of the two alleles 20 repeats or greater.

(B) The same visualization and alignment strategy was applied to a second cohort of individuals. This cohort was expanded to include
samples from individuals with AD, samples from the 1000 Genomes Project, and samples from African American individuals, obtained
through Coriell. For this round of sequencing, all samples were sequenced irrespective of repeat length. An allele unique to samples from
individuals of African descent is denoted by a “*,” and an allele found only in samples from individuals of Han Chinese descent is de-

noted by a “#.”

These 18 parent sequences were comprised of several
combinations of the six variable nucleotides present in
each repeat unit. The most abundant repeat unit
accounted for 28.6% of total repeat units. The next two ac-
counted for 17.2% and 13.6%, and the rest under 10%
each (Figure 2E). Any other repeat sequences accounted
for only 0.3% or less of reads and were also predominantly
composed of different combinations of the six variable nu-
cleotides. The distribution of each repeat unit was mark-
edly similar between sALS-affected subjects, sPD-affected
subjects, and control subjects (Figure 2F).

Alignment of WDR7 Repeat Alleles Reveals Remarkable
and Reproducible Patterning

To visualize and align the repeat units across individuals,
we first color-coded each repeat unit sequence (assigned
colors shown in Figure 2E). Plotting each full repeat allele
for the 144 SMRT-sequenced samples as a stack of colors

and then aligning them using ClustalW revealed a remark-
able bias of alignment to the 3’ end of the repeat
(Figure 3A). This divergence is in the opposite direction
of transcription. In contrast, we did not observe the same
pattern or structure when the samples were ranked by
length and forced to align to the 5’ end (Figure S4). Plotting
the data in this color-coded way also revealed several broad
families of repeat patterns, indicated by “clustering” of
similar patterns, suggesting that some variation originated
independently (Figure 3A).

Given the novelty of the pattern we identified, we next
determined whether a second cohort of individuals—
including those of non-European ancestry—would exhibit
a similar clustering pattern. In addition to 64 samples from
individuals with AD and 32 matched control subjects, we
sequenced 28 samples from the 1000 Genomes Project and
22 African American samples from the Coriell Institute. For
this round of sequencing, we did not size select. Even so,
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we observed the same striking clustering pattern (Figure 3B).
We did note some super-population-specific regions, such as
an expansion in samples from individuals of Han Chinese
descent—which started about halfway into a repeat shared
with other population samples—and repeat unit sequences
unique to samples from individuals of African descent.

Repeat Expansion Occurs in One Direction and in
Multiples of Two

The mechanism by which tandem repeats expand is hotly
debated, and the location of the expansion is difficult to
discern in STRs because each repeat unit is identical (e.g.,
CAG). We leveraged the heterogeneity of the observed repeat
units to gain insight into how the WDR?7 repeat expanded.
We first found several instances of repeat unit blocks that
were duplicated within the same repeat allele (Figures 3
and 4A), which could represent homologous recombination
events. Duplications appear to be relatively rare events; how-
ever, when they occur, they become the new baseline length
upon which additional repeats are added. Interestingly, the
duplications were composed of complete repeat units with
no intervening insertions or deletions.

Surprisingly, there were few instances of the same repeat
units situated immediately adjacent to one another.
Instead, the same repeat units more often appear every
two repeat units. In many cases, combinations of the
same two repeat units appeared consecutively for a long
stretch, exemplified by the dark red and purple combina-
tion in the middle of the plot (Figure 3). To quantify this
observation, we calculated the distance between the first
instance of a repeat unit and the next, for each repeat
unit in each allele (Figures 4A and 4B). When these calcu-
lations were summed, we found a remarkable periodicity of
the distribution of repeat units, such that they appear
almost exclusively in multiples of two. This pattern was
so fixed that we were more likely to observe a repeat unit
20 repeats away from itself (1.4 kb) than immediately adja-
cent or three repeat units away from itself (Figure 4B).

In addition, repeat units that appeared infrequently were
biased to the 5 end of the repeat. If the rare repeat unit was
duplicated, its neighboring repeat unit was also duplicated
(Figures 3 and 4A). This observation is consistent with our
initial finding that the alleles aligned at the 3’ end of the
repeat but not at the 5’ end. Taken together, these data indi-
cate that the variability—and thus “leading edge”—of the
expansion appears at the 5 end of the repeat, and that
the expansion occurs in combinations of two repeat units.

The WDR7 Repeat Does Not Exhibit Intergenerational
Instability in a Family with ALS

Among the samples we SMRT sequenced were 43 affected
and unaffected members of a family with ALS. Across the
three generations sequenced, we observed no evidence of
variation in repeat length or sequence. The sequence
composition from each parent to child showed complete
segregation, including a 33-copy repeat that segregated
with ALS disease state (Figure 4C). We therefore concluded

that expansion of this repeat occurs on a longer timescale
than generation-to-generation change.

The WDR7 Repeat Is Expanded in Ancient Genomes
Understanding how human-specific repeats expand can
give insight into human migration patterns. We inferred
WDR7 repeat length in short-read whole-genome
sequencing datasets by counting the number of reads
that align to the repeat relative to adjacent DNA segments.
We were also able to quantify the number of unique repeat
units that were present in a sequenced individual when the
full repeat unit was captured within a sequence read
(which was often 100 bp long).

We first estimated the length and internal composition of
the repeat in two ancestral genomes: Neanderthal and Deni-
sovan. The Denisovan genome showed a pile-up of reads,
suggesting a repeat length longer than the reference human
genome, while the Neanderthal genome did not (Figure 5A).
On closer inspection, the Neanderthal genome had four re-
peats, suggesting it had either one and three or two and
two repeat copies on either allele (Figure 5B). Meanwhile,
the Denisovan genome had approximately SO repeats in to-
tal, across the two alleles (Figure 5C). Based on the repeat unit
composition, we were able to match the Denisovan repeats
to some of the modern-day alleles we obtained from long-
read sequencing (Figure 5C). Collectively, these results sug-
gest that expansion of the WDR? repeat pre-dates modern
humans.

Geographical Patterns of the WDR7 Repeat Length and
Composition
We next examined the distribution of the top 18 repeat
units across the 1000 Genomes Project populations and
observed largely equal abundance and range (Figure 6A).
While searching for novel repeat units across these samples,
we observed a concordance between average repeat length
inferred by calculating short-read relative density across
the repeat and actual length of the two alleles revealed by
long-read sequencing (Figure S5; R* = 0.61). Moreover, the
composition of repeat units extracted from short-read
sequencing matched those present in long-read sequencing.
Some novel repeat units were identified in African super-
populations that had a C>T transition at base pair 56 of
the repeat unit, always in combination with a more
frequent 1 bp deletion at position 61 and other variable nu-
cleotides at the other five common variable nucleotide posi-
tions. To further interrogate population structure of the
repeat units, we identified the cumulative abundance of
each repeat unit (Figure 6B). This analysis revealed that
while the major repeat units were consistent among popu-
lations, some less frequent repeat units were enriched or
depleted in certain super-populations (Figures 6B and 6C).
When we evaluated the location of these rare variants in
the full repeat expansion obtained by SMRT sequencing,
we found a strong bias to the 5’ end, consistent with our
previous observation that expansion of the repeat was
directional. The rare variants only start to appear 14 units
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Figure 4. WDR7 VNTR Repeat Unit Heterogeneity Reveals Patterns of Expansion

(A) Representative examples of observed repeat sequence patterns. Top: example of how we calculated the distance between the first
instance of a repeat unit and the next, for each repeat unit in each allele. Middle: example showing that if a rare repeat unit (black)
was duplicated, its neighboring repeat unit (yellow) was also duplicated. Bottom: example of larger repeat duplications.

(B) Summation of the distance between each repeat unit and itself. Repeat units largely occur with a two-unit periodicity (combined

results across all sequenced individuals from Figure 3A).

(C) Segregation of the WDR7 VNTR in a pedigree of a family with ALS. Sequences shown in brackets are inferred. A question mark means

that the allele did not amplify successfully.

away from the 3’ end of the repeat, and the repeat units
that are enriched in super-populations appear closer to
this 5’ leading edge (Figures 6D and S6). Therefore, by look-
ing at repeat composition alone, we can approximate the
population origin of a DNA sample. The reverse is also
true: by looking at the surrounding genetic structure using

phased SNP data, we can estimate what the repeat will look
like, using a phylogenetic analysis (Figure S7).

The WDR7 Repeat Can Produce MicroRNAs In Vitro
Each repeat unit has up to 21 nt of self-complementary
sequence, which, according to RNAfold prediction
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WDR7 Repeat Length and Sequence Estimation in Ancient Genomes

(A) Alignment of whole genome sequencing reads for Altai Neanderthal and Denisovan genomes. Read distribution in the WDR7 VNTR
region indicates a build-up of reads in the Denisovan genome, and a paucity of reads in the Neanderthal genome.
(B) Individual repeat units identified in the Neanderthal genome. Units were identified in reads with a full 69 bp repeat sequence present

in the ~100 bp sequence read (average length of a read).

(C) Individual repeat units identified in the Denisovan genome, the relative abundance of each unit, and correlating modern-day human

repeat alleles that match those abundances.

software, likely folds into a stem-loop structure reminis-
cent of a microRNA precursor (Figure 2C). We therefore hy-
pothesized that this repeat expansion could form micro-
RNAs. To test this hypothesis, we cloned several
expansions from individuals with sALS and control sub-
jects, transfected human embryonic kidney (HEK293)
cells, and performed small RNA sequencing. We observed
a strong correlation (R*> = 0.977) between the number of
repeat copies expressed and the abundance of microRNAs
produced from the repeat structure, indicating that the
repeat could indeed form microRNAs (Figure 7A). We
confirmed these results in a second independent transfec-
tion and sequencing reaction (Figure S8, R® 0.918).
Possible targets of the most abundantly detected micro-
RNA, as predicted by TargetScan, are provided in Table
S2. While we did not identify the sequence in neuronal
datasets, suggesting that the microRNA may not accumu-
late to appreciable levels in vivo, it is possible that in certain
disease-relevant regions, this microRNA species could be
expressed and influence the transcriptional milieu.

The WDR7 Repeat Forms RNA Aggregates

To find out whether the repeat was transcribed and exported
from the nucleus, we performed RNA FISH using probes
against the WDRY repeat. We first confirmed specificity of
the probes by testing them in mouse embryonic fibroblasts
(MEFs), which do not contain the repeat. These cells
showed an absence of non-specific binding of the probe

(Figure 7B). The MEFs were then transfected with one or
36 copies of the repeat. These cells exhibited a clear “speck-
ling” pattern indicative of RNA aggregates in the cytoplasm
of the cells, with significantly more aggregates in the cells
transfected with 36 copies of the repeat, as compared to
the untransfected cells (p < 0.0001; Kruskal-Wallis test fol-
lowed by Dunn’s multiple comparisons) and those trans-
fected with one copy of the repeat (p = 0.0052). We repeated
the same experiment in HEK293 cells and observed a similar
pattern, with significantly more aggregates in the cells trans-
fected with 36 copies of the repeat, as compared to the un-
transfected cells (p = 0.0007; Figure 7B).

The WDR7 Repeat Is Subject to RNA Editing
Of note, the WDR?7 repeat has stop codons in all six
reading frames (Figure S9), diminishing the likelihood of
repeat-associated non-ATG translation as a pathological
mechanism, which has been proposed for individuals
with C9o0rf72 repeat expansions.*> We also noted no in-
stances of alternative splicing or intron detention®® in
gPCR and RNA-seq analysis of lymphoblasts from individ-
uals with ALS (data not shown). This finding is
especially relevant considering that WDR? is intolerant
to loss-of-function variants according to the Genome
Aggregation Database (gnomAD; pLI = 1).*’

However, regions of extensive complementarity are often
substrates for editing by adenosine deaminases acting on
RNA enzymes.*® Our profiling of the repeat in thousands
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Figure 6. WDR7 Repeat Length and Sequence in the 1000 Genomes Project Populations

(A) Distribution of WDR7 VNTR length in 1000 Genomes Project samples, grouped by super-population.

(B) Distribution of the 18 most frequent repeat units within each population. In the legend, the numbers rank the frequency of the
sequence overall, along with the nucleotides present at each of the six variable positions in the repeat. An underscore represents a

deletion.

(C) Enrichment or depletion patterns of specific repeat units are unique to certain super-populations.
(D) Location of rarest repeat units on the full allele, normalized to 100% for each repeat unit. All 18 repeat units are shown in Figure S6.

of DNA samples permitted us to identify nucleotide changes
specific to RNA transcripts, suggestive of RNA editing events.
To evaluate the potential of the repeat to be edited, we took
advantage of a large set of RNA-seq data from the AMP-
AD.?® This sequencing uses ribosomal RNA depletion rather
than poly-A purification as an RNA cloning strategy, which
increases the levels of intronic reads. Compiling reads from
>900 sequenced individuals revealed the same parent repeat
sequences we had previously observed; however, we also
identified four positions with A-to-G mismatches, which
are the consequence of A-to-I editing (Figure S10).

Discussion

The human genome contains at least 21,442 polymorphic
STRs and VNTRs, of which 1,584 were recently classified as
human-specific tandem repeat expansions.*” So far, more

than 40 STRs have been linked to neurodegenerative dis-
eases,"”” and the recent advent of long-read sequencing
technology is already uncovering larger VNTRs that are
also associated with disease. For instance, a 30 bp repeat
in CACNAIC predisposes individuals to bipolar disorder
and schizophrenia,® while a 25 bp VNTR in the intron of
ABCA?7 has been identified as a risk factor for individuals
with AD.* While greater copy number of the repeat in
WDR?7 is linked to ALS, several additional factors set this
repeat apart from the others described so far.

This VNTR is comprised of a large 69 bp repeat unit and is
notable for its remarkable variability in both length and in-
ternal sequence (Figures 1A and 3). Each repeat unit is com-
plementary and predicted to form a stable hairpin (Figures
1C and 2C), and the internal sequence variation for each
unit is strictly patterned, enabling an orientation-specific
interrogation of read composition and length (Figures 2C-
2E). The repeat expands specifically in the human lineage,
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(A) Length of WDR7 VNTR expressed in HEK293 cells plotted against the normalized microRNAs produced from the WDR?7 hairpin, as
determined by small RNA sequencing. Linear regression gives R* = 0.977. RPM is reads per million.

(B) RNA FISH probes targeting the WDR? repeat in MEF cells or HEK293 cells transfected with constructs containing O (untransfected), 1,
or 36 copies of the repeat. Scale bar is 10 pm. Quantification of speckles per cell is given at right. p values were determined by a Kruskal-
Wallis test (which gave p < 0.0001 for MEF cells and p = 0.0009 for HEK293 cells), followed by Dunn’s multiple comparisons. **p < 0.01,

***p < 0.001, ****p < 0.0001.

not just Homo sapiens. Moreover, it is one of a very rare set of
ab initio repeats that are not precipitated by a repetitive
element.* Yet, once the repeat expanded from one copy
in primates to two or more in humans, widespread expan-
sion occurred (Figure 1C). The two other large VNTRs char-
acterized so far by long-read sequencing appear less biased
in orientation than the WDR7 VNTR. The CACNA1C repeat
has variability primarily in two regions in the middle of the
repeat.” The ABCA?7 repeat is dynamically expanded in non-
human primates and has much more internal variability.*
Even for individuals who share the same repeat length,
the internal arrangement of repeat units is often quite
different (Figures 3 and 4C). Therefore, genotyping this
repeat alone could theoretically allow for identifying indi-
vidual relatedness, especially as it does not show evidence
of generation-to-generation instability in a large family
with ALS (Figure 4C). The enrichment and depletion of
certain repeat units in various super-populations could
also allow for approximating the population origin of a
DNA sample, simply by observing this one VNTR. Indeed,
the clustering of similar repeat patterns is reminiscent of

mitochondrial or Y chromosome haplogroups (that is,
groups that share a common ancestor; Figure 3). Greater
sequence coverage of more diverse human populations
can further inform us about the repeat units that are spe-
cific to individual populations.

The strict patterning of the nucleotide variation in the
WDR7 repeat—only six locations change out of 69 in
>99% of repeat units—suggests that the sequence is
conserved as a consequence of function, or mechanism
of expansion, or both. One consideration is that the repeat
is proximal to a DNase hypersensitivity site (Figure 1B),
which may impart some selective pressure to preserve
sequence specificity. We were also surprised to identify so
many different repeat units present in the Denisovan
genome, which overlap in sequence composition with al-
leles of a modern-day individual. Our findings in both Ne-
anderthals and Denisovans suggest that the origins of the
expansion pre-date modern humans (Figure 5). The
ancient origin of the repeat is consistent with the genera-
tion-to-generation stability observed in the ALS3 pedigree.
Repeat length variability is a common feature of STRs,
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most notably CAG repeats in Huntington disease; howev-
er, here we observe a fixed length of the repeat across mul-
tiple generations in a pedigree, suggesting that expansions
in larger VNTRs are rare, stepwise events (Figure 4C).
Several types of errors can occur during DNA replication.
One possible type of error that could explain the pattern of
expansion that we observe for WDR?7 is template switch-
ing. Template switching occurs when the nascent leading
strand switches from its template to the nascent lagging
strand, because the 3’ end of the nascent leading strand
is complementary to sequences on the nascent lagging
strand. This type of replication error is rare, but has been
proposed to contribute to tandem repeat expansions.*”*"
It occurs mainly when a repetitive tract is sufficiently
long, especially longer than one Okazaki fragment, and
leads to an expansion roughly the size of one Okazaki
fragment: ~140 bp in primates.” Template switching is
therefore consistent with our observation that the repeat
expands in the 3’ to 5’ direction, and in units of two, which
together equal 138 bp. The hairpin we observe for the RNA
is also predicted to occur in single-stranded DNA, which
could help explain why the repeat is being amplified.
WD repeat domains are found in >250 proteins with
diverse functions, but which generally facilitate assembly
of multimeric protein complexes. WDR?7 is also known as
rabconnectin-3p and associates with guanine exchange fac-
tors and GTPase-activating protein to facilitate RAB3-medi-
ated recruitment and release of synaptic vesicles.”” RAB3 is
involved in synaptic vesicle exocytosis and recycling, which
facilitates the tightly regulated process of calcium flux and
neurotransmitter release.”’ This repeat expansion may
impair the role that WDR7 plays in synaptic function,
thus suggesting its relevance to neurodegenerative disease.
The essential role of WDR?Y in synaptic health is reflected
by the fact that it is intolerant to loss-of-function variants
(pLI = 1). Indeed, an individual with a large 18q deletion
that included part of WDR? experienced significant devel-
opmental delay and dysmorphic features.*' In addition,
there is a human accelerated region in the 20™ intron of
WDRY (this repeat is in the 27'?), as well as nearby in the in-
tergenic region before WDR7.”' Similarly, WDR7 exhibits
human-specific downregulation in the brain, as a target of
miR-941.°* The microRNA that is produced from the
WDR? repeat itself, coming from a human-specific expan-
sion, could also have targets that are human specific—
though this fact eliminates the ability to use conservation
as a parameter for identifying possible microRNA targets,
thus producing a large dataset of predicted targets (Table S2).
WDRY repeat expansions may act to modify disease in
ALS, in a manner similar to ATXN2, where intermediate
CAG repeat expansions numbering 27 to 33 (but not >34,
which causes SCA2)'*!3 are enriched in individuals with
ALS. This finding supports the idea that tandem repeats
may account for some of the missing heritability in dis-
ease.”’ Each WDRY7 repeat has predicted binding sites for
ALS-related RNA-binding proteins TDP-43 (UGUG) and het-
erogeneous nuclear ribonucleoprotein A1 (HNRNPA1 [MIM:

164017])>* (UAGGGA).**>* Recent reports also show that
the ALS-related RNA-binding protein FUS preferentially
associates with exposed loops of stem-loop hairpin
RNAs.>>°° The exposed loop present in the WDR7 tandem
repeat may act as a binding site for multiple molecules of
FUS, and therefore as an RNA species that facilitates FUS
intracellular aggregation. Additionally, cross-linking and
immunoprecipitation (CLIP) data also suggest that TDP-43
interacts with a binding site adjacent to a neural-specific
exon 17 of WDR7,>” which is about 250 kb from the location
of the repeat expansion in intron 27. It is possible that long-
range chromatin interactions may take place between the
repeat and alternative exon 17. Furthermore, RNA editing
events may strengthen certain interactions. For instance,
one of the observed A-to-G editing events alters a sequence
from UAUGUG to UGUGUG, which is an even stronger
TDP-43 interactor. Finally, TDP-43, FUS, and HNRNPA1 are
allinvolved in microRNA processing,”®** which could influ-
ence microRNAs produced from the WDR?Y repeat.

VNTRs are some of the most polymorphic and mutable
parts of the genome. The VNTR described here is particu-
larly large among VNTRs, and remarkably variable in
both size and internal sequence. Furthermore, it is human
specific and among a select group of VNTRs that arose ab
initio in the human lineage. Its complementary sequence
forms a stable hairpin, which in turn has the potential to
form microRNAs, and though intronic, it appears to be ex-
ported to the cytoplasm, where it aggregates. It likely ex-
pands through a combination of template switching and
duplication events, which first occurred in ancient human
genomes. Higher repeat copy number is significantly asso-
ciated with cases of ALS, suggesting that it contributes to
ALS susceptibility. Together, our detailed interrogation of
this VNTR demonstrates the value of high-depth, long-
read sequencing of human-specific repetitive regions that
expand in the genome.

Data and Code Availability

Data for Neanderthal and Denisovan genomes can be ac-
cessed from ENA archives ERP002097 and ERP001519,
respectively. RNA sequence reads for calculating RNA edit-
ing are available from synapse.org with accession number
syn7416949. Non-human primate data are available from
Zenodo with accession number 10.5281/zenodo.3401477.
The remaining data are not publicly available due to insti-
tutional ethics restrictions.

Supplemental Data

Supplemental Data can be found online at https://doi.org/10.
1016/j.ajhg.2020.07.004.
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The 1000 Genomes Project, https://www.internationalgenome.
org/

AMP-AD Knowledge Portal, https://www.synapse.org/

Answer ALS, https://www.answerals.org/

Cell Profiler, https://cellprofiler.org/

European Nucleotide Archive, http://www.ebi.ac.uk/ena

FastTree, http://www.microbesonline.org/fasttree/

gnomAD, https://gnomad.broadinstitute.org/

NIAGADS, https://www.niagads.org/

OMIM, https://omim.org/

RNAfold, http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.
cgi

Synapse, https://www.synapse.org/

TargetScan, http://www.targetscan.org/

VCFtoTree, https://github.com/duoduoo/VCFtoTree_3.0.0

Web Logo, https://weblogo.berkeley.edu/

Zenodo, https://zenodo.org/
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